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MISSION 


The  international  Wire  and  Cable  Symposium  provides  a  forum  for  the  exchange  of  technical  in- 
formaMon  amongst  suppliers,  manufacturers,  and  users  on  technological  advancements  in 
materials,  processes,  and  products  used  for  voice,  data  and  video  signal  t.ansmission  systems. 
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9:30  a.m.  SESSION  I  Tutorial— How  and  When  Will  Fiber  Optics  Expand  into  the  Subscriber 

Loop  Telephone  Network? 

1:30  p.m.  SESSION  II  Copper  Cable  Design/Applications  I 

1:30  p.m.  SESSION  III  Fiber  Optic  Cable  Installation  and  Field  Test  Methods 

1*30  p.m.  SESSION  IV  Cable  Materials 

Wednesday,  November  15, 1989 

8:30  a.m.  SESSION  V  Subscriber  Network  I 

8:30  a.m.  SESSION  VI  Military  Applications  I 

8:30  a.m.  SESSION  VII  Fiber  Optic  Splices  and  Connectors 

2:00  p.m.  SESSION  VIII  Subscriber  Network  It 

2:00  p.m.  SESSION  IX  Copper  Cable  Design/Applications  II 

2:00  p.m.  SESSION  X  Fire,  Smoke  and  Toxicity  Technology 

3:45  p.m.  SESSION  XI  Poster  Session 

Thursday,  November  16, 1989 

8:30  a.m.  SESSION  XII  Building  Cabling  and  Wiring  Distribution  Design 

8:30  a.m.  SESSION  XIII  Fiber  Optic  Cable  Design 

8:30  a.m.  SESSION  XIV  Testing  of  Cable,  Components  and  Materials 

1:00  p.m.  SESSION  XV  Military  Applications  II 

1:00  p.m.  SESSION  XVI  Processing  and  Testing  of  Fibers  Cables 


PAPERS 


The  papers  in  this  volume  were  printed  directly  from  unedited  reproducible  copies  prepared  by  the 
authors.  Responsibility  for  contents  rests  upon  the  authors  and  not  the  symposium  committee  nor  its 
members.  After  the  symposium,  all  the  publication  rights  of  each  paper  are  eserved  by  their  authors,  and 
requests  for  republication  of  paper  should  be  addressed  to  the  appropria.  •  author.  Abstracting  is  permit¬ 
ted.  and  it  would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are  republished. 
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Welcome  to  the  38th  Intt .  •national  Wire  and  Cable  Symposium  (IWCS) .  I  am 
pleased  to  report  that  last  Star's  synposium  (37th)  was  a  tremendous  success, 
both  in  attendance  and  in  the  favorable  responses  received  on  the  technical 
presentations.  The  international  representation  continues  to  increase  each 
year  and  represents  more  than  25%  of  the  total  attendance. 

The  response  this  year  to  the  call  for  papers  was  extremely  good,  with  many 
abstracts  submitted  for  consideration.  To  utilize  many  of  the  excellent 
abstracts  received,  the  program  was  expanded  and  includes  over  one  hundred 
technical  and  poster  papers.  The  poster  session  which  was  received  with  such 
great  enthusiasm  each  of  the  two  previous  years,  was  greatly  expanded  this 
year.  The  tutorial  session  entitled  "Hew  and  When  Will  Fiber  Optics  Expand 
Into  the  Subscriber  loop  Telephone  Network,"  should  provide  the  interest  for  an 
exciting  and  interesting  synposium  beginning. 

The  committee  held  one  of  its  regular  planning  meetings  in  West  Germany 
this  year  and  met  with  representatives  of  the  Germany  Wire  and  Cable 
Association,  curing  the  trip,  several  manufacturers  of  Cable-Wire  and 
connective  devices  were  also  visited.  The  visit's  were  extremely  informative 
and  provided  the  committee  members  the  opportunity  to  see  and  discuss  with 
their  Germany  counterparts,  various  Cable-Wire  developments  and  manufacturing 
concepts.  It  was  an  interesting  and  exciting  trip. 

Ccmmittee  members  Dr.  Peter  Bark,  Siecor  Corp. ;  Dr.  Reiner  Gerdes,  Contel 
Laboratories;  Dr.  Keiji  Tachikawa,  NIT  America,  Inc. ;  and  Mr.  Patrick  Hart, 
Pacific  Bell,  are  retiring  from  the  caimittee.  Each  member  by  their  efforts 
and  specialized  knowledge,  contributed  significantly  tq  the  success  of  the 
synposium.  On  behalf  of  the  sponsor  and  the  caimittee,  I  extend  to  each,  a 
very  special  thanks  for  their  sincere  dedication,  cooperation  and  support  of 
the  symposium's  objectives. 

The  committee  solicits  and  needs  the  continued  support  of  all  members  of 
the  Wire  and  Cable  industry.  For  the  39th  Synposium,  a  new  two-tier  plan  is 
offered  to  contributors.  The  plan  consist  of  Gold  Sustaining  contributors 
($500.00)  and  Silver  Sustaining  Contributors  ($300.00).  Hospitality  Suites 
will  otily  be  available  for  Gold  Sustaining  contributors. 

The  1990  synposium  (39th)  will  return  to  the  Bally's  Reno  Hotel,  in  Reno, 
Nevada.  The  1991  (40th)  synposium  will  be  in  St.  Louis,  Missouri  at  the  Adam's 
Mark  Hotel. 
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H.  Lubars  and  J.  A.  Olszewski,  General  Cable  Corp.— 
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Best  Presentation 
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End  Crosstalk  ol  PiC  Cables  as  a  Function  ol  Aver¬ 
age  Twist  Helix  Anglo" 

1981  G.  S.  Anderson,  Bolden  Corporation— "installation 

ol  Fiber  Optic  Cablo  on  457  Motor  Tower" 


1982  A.  Yoshizawa,  Tho  Furukawa  Electric  Co.,  Ltd.— 

"Structure  and  Characteristics  ol  Cables  (or  Robots" 

1983  J.  R.  Bury.  Standard  Telecommunication  Laboratories, 
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Outstanding  Technical  Paper 
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Performance  of  Telecommunication 
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Best  Presentation 
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Single-Mode  Media  and  Apparatus  (or 
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North  Pittsburgh  Telephone  Company, 
has  50  years  of  telephone  company 
experience.  Graduating  from 
Cornell  University  with  a  B.S.  AME 
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In  recognition  of  his  pioneering  role 
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Cablevision  in  Honolulu,  an  ATC 
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AN  ULTRAMINIATURE  FLEXIBLE  HOOK-UP  CABLE  FOR 
INTERCONNECTING  HIGH  DIT  KATE  DIGITAL  TRANSMISSION  EQUIPMENT 

C.  BLANCO,  S.  CAMARA,  F.  SANTOS,  C.G.  CORTINKS 


ALCATEL  STANDARD  ELKCTRICA,  S.A. 
Malinflo,  Cantabria,  Spain 


SUMMARY 

The  use  of  VLSI  technology  in  high  data 
rates  digital  multiplexers  has  allowed 
such  a  high  packing  density  of  the  elec¬ 
tronic  equipment  that  the  hook-up  cables 
connecting  the  multiplexers  and  distribu¬ 
tion  frames  have  had  to  be  miniaturized, 
but  which  at  the  same  time  do  not  lose 
their  oxcclont  electrical  performance 
nor  the  inherent  properties  of  the  ma¬ 
terials. 

The  following  paper  describes  a  cable 
specially  designed  for  this  purpose 
which  along  with  a  very  small  final 
diamotcr,  cxibits  high  electrical  perform¬ 
ance  such  as  SRL,  cross  talk  and  transfer 
impedance  as  well  as  good  flame  retardant 
and  ageing  properties  of  the  material 
that  forms  the  cable  jacket. 

The  paper  describes  the  mathematical 
routine  followed  to  design  the  cable 
as  well  ns  the  electrical  transmission 
and  material  testing  usually  carried 
out  on  the  finished  prototype. 


INTRODUCTION 

The  high  degree  of  miniaturization  that 
is  taking  place  in  digital  transmission 
equipment,  duo  to  the  extensive  use 
of  VLSI  techniques,  is  increasing  the 
packing  density  of  the  equipment  to 
such  a  degree  that  the  hook-up  cables 
that  arc  used  to  connect  the  digital 
multiplexers  to  the  main  distribution 
frames  need  also  to  be  reduced  in  size 
accordingly. 

The  cables  used  to  interconnect  the 
transmission  equipment  need  to  be  bound 
together  in  bundles  of  up  to  160  cables 
per  rack  and  each  of  these  bundles, 
in  turn,  need  to  be  housed  in  a  duct 
where  space  is  also  limited. 

The  geometrical  reduction  in  size  of 
a  flexible  coaxial  cable  can,  in  princi¬ 
ple,  bo  pushed  up  to  limits  in  which 
only  the  mechanical  procesability  of 


the  materials  arc  the  final  bounds. 
However,  before  that  theoretical  limit 
is  actually  reached,  other  considerations 
impose  higher  boundaries  that  cannot 
be  ignored  if  the  cable  is  to  perform 
adequately. 

Among  these  considerotlons  are: 

-  Maximum  attenuation  allowed  at  the 
higher  bit  data  rate. 

-  Conncctorization  of  the  cable  ends. 

-  Solderability  of  both  center  and 
outer  conductor. 

-  Signal  cross-talk  between  two  cables 
running  together. 

Digital  equipment  operating  at  bit  rates 
of  2  and  8  Mbits/sec.  do  not  impose 

such  a  stringent  requirement  on  cable 
attenuation  as  the  equipment,  which 
operate  at  bit  rates  of  34  and  140  Mbits 
sec.  Bearing  in  mind  that  the  overage 
distances  separating  the  racks  that 
contain  the  digital  multiplexers  from 
tho  main  distribution  frames  have  a 
range  of  50  m,  an  attenuation  figure 
of  less  that  8  dB/100  m  at  10  Mhz  can 
bo  considered  as  satisfactory. 

Tho  distances  over  which  these  cables 
run  parallel  to  one  another,  on  the 
other  hand,  pose  a  m/'rc  serious  issue 
as  regards  the  transfer  of  energy  from 

cables  lying  adjacent  to  each  other. 

To  obtain  a  high  Near  End  Cross  Talk 

figure  between  two  parallel  cables  at 
the  transmission  frequencies  in  question 
a  single  copper  braid  has  been  found 
to  be  insufficient.  Consequently  we 
were  obliged  to  screen  the  leakage  of 

energy  out  of  the  cable  core  using  a 
very  thin  metal  foil  placed  underneath 
the  conventional  copper  braid. 

In  order  to  obtain  a  low  standing  wave 
ratio  coefficient  in  the  cable,  the 
cable  impedance  regularity  in  the  whole 
frequency  spectrum  of  interest  had  to 
be  controlled.  Particularly  critical 
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is  the  impedance  deviation  due  to  the 
systematic  repetition  o£  regularly  spaced 
irregularities.  These  variations  are 
produced  during  the  dielectric  ext  'usion 
process  and  are  max  ly  due  to  the  lack 
of  uniformity  of  the  insulation  diameter 
of  the  coaxial  capacitance.  Special 
attention  was  paid,  during  the  extrusion 
process,  to  these  two  parameters  in 
order  to  minimise  the  final  Return  Loss 
figure  of  the  cable. 

To  facilitate  the  soldering  operation 
of  the  outer  copper  braid  to  the  connector 
body  a  thin  drain  wire  was  laid  between 
the  motallic  screen  and  the  braid  that 
forms  the  outer  conductor.  This,  in 
turn,  ensures  continuity  even  if  there 
is  a  breakage  in  the  metallic  screen. 
Nevertheless  this  wire  has  the  drawback 
of  giving  the  cable  a  certain  degree 
of  ovality  which  is  maintained  as  lew 
as  possible  by  using  a  drain  wire  of 
the  same  diameter  as  the  cable  center 
conductor. 

As  the  cablo  is  for  indoor  use,  the 
material  chosen  for  the  cable's  outer 
jacket  is  a  type  of  PVC,  which  combines 
good  mechanical,  fire  resistant  and 
aging  properties,  at  a  reasonable  cost. 
Due  to  the  chin  wall  thickness  of  the 
outer  jacket  and  tho  inhorent  ovality 
of  the  cable,  obtaining  good  aging  prop¬ 
erties  has  proved  to  be  particularly 
demanding.  Tho  new  material  has  been 
fully  evaluated  and  found  satisfactory 
for  the  required  application. 


CABTiS  DESIGN 

As  mentioned  above  tho  final  cable  diam¬ 
eter  is  a  critical  parameter;  therefore 
cable  dimensioning  was  of  primary  concern 
in  the  cable  design  process. 

After  some  preliminary  trials,  a  diameter 
of  0.25  mm,  which  roughly  corresponds 
to  the  20  AWG,  was  chosen  for  tho  central 
conductor  of  the  coaxial  cable. 

The  dimensioning  of  the  dielectric  was 
carried  out  based  on  the  fact  that  the 
cable's  final  impedance  should  match 
that  of  the  digital  multiplexers  ic. 
75  ohms. 

The  diameter  over  dielectric  (DOD)  in 
a  coaxial  cable  is  determined  by  the 
following  expressions  ID 

Zp  /ir~ 

138.2  (1) 
Di  =  Ki  d  10  -  1.5  dw 


where, 

Kl  ■  Effective  diameter  factor 

(Ki  ■  1.05  for  bare  conductors 
and  very  thin  cables) 

d  ■  Over-all  diomoter  of  inner  con¬ 
ductor 

zQ  ■  Characteristic  impedance 

£r  «  Relative  permitivity  of  dielec¬ 
tric 

dw  «  Diameter  of  the  wires  of  tho 
braid 

In  order  to  maintain  the  optimum  control 
of  the  diomoter  and  coaxial  capacitance 
of  the  dielectric,  solid  polyethylene 
was  chosen  as  insulating  material.  Dnscd 
on  this,  the  following  values  wore  entered 
in  the  above  oxpresion, 

7,q  ■  75  ohms 
£r  »  2.28 
dw  ■  0.1  mm 


The  resulting  DOD  is  then  Dj_  »  1.6  mm. 


The  cable's  mutual  capacitance  can  bo 
calculated  using  the  following  expression, 


where, 


(2) 


c  ■  3  10®  m/scc. 


Entering  into  this  expression  the  values 
mentioned  previously  we  obtain,  for 
the  cable's  mutual  capacitance,  a  value 
of 


C  “  67  pF/m 


The  cable  phase  velocity  can,  in  turn, 
be  calculated  using  the  equation, 


fEr 


and  using  for  6r  the  value  of  2.28 
we  obtain 

Vp  =  66.22  % 

Cable  attenuation  can  be  predicted  using 
the  following  equation  (1) 


«x=  o<cl  +  cxC2  +  <xC3  = 
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2. 287  10 


1-3  /£7t 


,  DJ- 

lo9l0  — 
kd 


fcafct  /cT  +  fchfct  /cl 

d  i>i 


+  1.047  10"4  rflx  C  tg  A  (ncp/e«) 


(4  J 


The  corresponding  filling  factor  and 
percentage  coverage  of  a  braid  are  given 
by  the  following  expressions:  '2>  '3> 


rilling  taetcrr  Kf 


2  7T  l) 


where, 

f  *  frequency  in  Mhz. 


D  w  dv  *  2,|w 


(S> 


k3  *  voltage  factor  tkj  *  1  for  bare 
conductors) . 

kfc  ■  coating  factor  (kfc  ■  1  *or  Puro 
copper) . 

kb  ■  braiding  factor  (it  is  a  function 
of  the  diameter  of  the  dielec¬ 
tric)  . 

For  small  diameters  of  dielectric 
the  following  formula  can  bo 
used. 

kb  -  0.078  Dj.  +  1.6 
Ci  *  resistivity  of  inner  conductor. 


where, 

»  ■  Total  number  of  spindles  applying 
braid  in  both  directions. 

n  -  Number  of  ends  of  wire  per 
spindle. 

dw  ■  Diameter  of  one  braiding  wire. 

L  ■  Lenth  of  lay. 

Coverage  factor  B  ■  2  Xf  -  K2£  (7) 

After  some  elementary  algebraic  manipu¬ 
lations  we  obtain, 


C2  *  resistivity  of  outer  conductor. 

tg  4  -  tangent  of  loss  angle  of  the 
dielectric 

If  we  introduce,  into  the  above  equation, 
the  values, 


Kf  -  1  •  lj  1  -  D  (8) 


and  the  length  of  lay  necessary  to  be 
applied  so  as  to  obtain  a  certain  coverage 
factor, 


Cl  ■  C2  ■  1.7241  10”6  ohms/cm 
tg  <J  *  5  10”4 

we  can  predict  what  the  cable  attenuation 
will  be  at  a  certain  frequency.  If  we 
take  £  «  10  Mhz,  wo  obtain, 


rr  (Di  +  2dw) 


(1- 


'/  l-n ) 


2  TT(Di  +  2dw) 


m  x  n  x  dw 


2 

-  1 


(9) 


<Xb  7.88  db/100  m 

In  order  to  obtain  a  high  NEXT  value 
between  two  cable  lengths  bound  together 
a  combination  of  an  aluminium  polyester 
film  applied  longitudinally  and  overlapped 
plus  an  outer  tinned  copper  braid  was 
chosen  for  the  outer  conductor. 

Although  the  radial  leakage  of  energy 
is  mainly  controlled  by  the  metallic 
foil,  the  outer  braid  provides  the  neces¬ 
sary  conductivity  to  maintain  the  cable 
attenuation  at  a  low  value. 

In  the  wa'.e  of  this  the  outer  braid 
was  designed  so  as  to  ensure  a  high 
coverage  percentage  and  consequently 
a  low  transfer  impedance  and  high  fre¬ 
quency  resistance. 


entering  into  this  expression  the  fol¬ 
lowing  parameters, 

m  =  16 

n  *»  5 

D3  •=  16  mm 

dw  =  0.1  mm 

we  obtain  a  coverage  factor  of  93%  for 
.lengths  of  lay  of  20  mm. 

A  very  critical  parameter  in  high  bit 
rate  digital  transmissions  over  coaxial 
cables  is  the  return  loss  or  the  energy 
returned  by  the  cable  in  the  whole  fre¬ 
quency  spectrum.  This  parameter  is  par¬ 
ticularly  relevant  as  the  distances 
between  the  two  pieces  of  transmission 
equipment  are  in  the  order  of  100  m. 
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The  Return  loss  in  o  coaxial  cable  is 
related  to  the  impedance  uniformity 
of  the  whole  length  of  the  cable  or 
its  standing  wave  ratio.  As  wo  will 
see  this  impedance  uniformity  must  bo 
controlled  by  a  careful  monitoring  of 
the  diameter  of  the  insulation  and  the 
uniformity  of  the  coaxial  capacitance 
of  the  cable. 

The  structural  return  loss  of  u  coaxial 
cable  is  produced  by  the  distribution 
of  uniformly  spaced  irregularities  and 
is  dependent  upon  tho  length  of  the 
irregularities,  the  number  of  irregular¬ 
ities,  the  reflection  coefficient  of 
each  irregularity,  and  the  transmission 
frequency.  'S* 

Tho  worst  peak  level  of  the  returned 
signal  is  produced  at  a  certain  critical 
frequency,  and  assuming  a  perfect  symmetry 
of  tho  irregularities  and  that  the  reflec¬ 
tion  coefficient  of  each  irregularity 
is  significantly  lower  than  1  we  obtain, 
for  this  reflection  coefficient,  a  value 
of, 


f!2 


(1  -  o-0fl,)  iq-I’R/20 
(%— Otli  ^ M  c 2 £X nL) 


(10) 


whore, 

Pl2  “  reflection  coefficient  of  each 
irregularity. 

L  ■■  Length  of  each  irregularity. 

PR  ■  Return  loss  at  tho  critical 
frequency  (in  dB). 

n  »■  Number  of  irregularities. 

Combining  now  expressions  (1)  and  (2) 
wo  obtain, 

dZQ  «  -69.1  logio  —  f£rJ*3/2  d£r 

d  (11) 


we  can  also  obtain  that, 


c 


(12) 


we  can  obtain, 

loci  -  aUL  Pl2 

11  c  ZQ 


and  ^ajeing  into  account  (10)  we  finally 


dc  -  4  io-I>R/20 

c  zQ  0-cxL  (i-e“2°cnL)  (X6) 


This  expression  gives  us  tho  variation 
allowed  to  tho  coaxial  capacitance  in 
a  coaxial  cable  provided  we  want  to 
obtain  a  certain  value  of  return  loss 
at  a  certain  critical  frequency. 

In  a  similar  way  wo  can  obtain  from 
expression  (1) 


3  Dx  -  -Di  +  —  dw-  for  3z0  (17) 

60.02 


and, 

a»i  -  fc7  2  Zo  r  12 


and  taking  into  account  (10)  we  can 
write  (1) 


dol 


Pj  +  1.5 
60.02 


<1M  fj~  (I-o_0<r‘)  10'PR/20 

1  1  IT  2  Xq 

(19) 


This  expression  gives  us  the  variations 
allowed  to  the  diameter  of  the  insulation 
of  the  coaxial  cable  if  we  want  to  obtain 
a  certain  figure  of  return  loss  at  a 
specific  critical  frequency. 

Expression  (16)  and  (19)  were  calculated 
in  a  computer  for  the  coaxial  cable  we 
are  studying  and  the  following  set  of 
values  were  obtained  (TABLE  I). 


3c  =  - - - (13) 

2  c  ZD 


whereas, 

dZQ  =  Pl2  2  ZQ  (14) 
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TAHIJt  I 


t 

PR 

r 

A»l 

Ac 

i*!*! 

- - - 

Pl2_ 

_i—L 

1 

IS 

0.752S 

0.1341 

0.8101 

35.9581 

20 

0.7525 

0.0754 

0.4555 

20.2210 

25 

0.7525 

0.0424 

0.2561 

11.3711 

30 

0.7525 

0.0238 

0.1440 

6.3944 

20 

IS 

0.9378 

0.0127 

0.0769 

3.4169 

20 

0.9378 

0.0071 

0.0432 

1.9214 

25 

0.9378 

0.0040 

0.0243 

1.0804 

30 

0.9378 

0.0022 

0.0136 

0.6076 

40 

IS 

0.9554 

0.C085 

0.0514 

2.2821 

20 

0.9554 

0.0047 

0.0289 

1.2833 

25 

0.9554 

0.0027 

0.0162 

0.7216 

30 

0.9554 

0.0015 

0.0091 

0.4058 

60 

IS 

0.9633 

0.0058 

0.0413 

1.8355 

20 

0.9633 

0.0038 

0.0232 

1.0322 

25 

0.9633 

0.C022 

0.0130 

0.5804 

30 

0.9633 

0.0012 

0.0073 

0.32U4 

80 

IS 

0.9680 

0.0059 

0.0356 

1.5819 

20 

0.9650 

0.0033 

0.0200 

0.8B96 

25 

0.9680 

0.0018 

0.0112 

0.5002 

30 

0.9680 

0.0010 

0.0063 

0.2813 

100 

IS 

0.9712 

0.0052 

0.0318 

1.4130 

20 

0.9712 

0.0029 

0.0179 

0.7946 

25 

0.9712 

0.0016 

0.0100 

0.4468 

30 

0.9712 

0.0009 

0.0056 

0.2512 

To  simplify  the  use  of  equations  (16) 
and  (19),  the  above  table  has  been  expres¬ 
sed  in  graphical  terms  as  can  bo  seen 
in  Figures  1  and  2. 


40  to 

(mm)  . 


A  direct  consequence  of  the  smallness 
of  the  diameter  of  the  cable  being  design¬ 
ed  is  that  the  maximum  power  rating 
which  the  cable  is  able  to  withstand 
is  also  relatively  small. 

As  is  already  very  well  known,  tho  maximum 
power  transmitted  by  a  cable  is  a  function 
of  the  frequency  of  the  signal  and  as 
regards  the  cable  in  question  calculations 
were  carried  out  for  tho  frequencies 
of  10  and  100  Mhs. 

Tho  total  temperature  rise  of  tho  inner 
conductor  above  ambient  temperature 
is  given  by  tho  expression  (U 


ctci  <  h<Xt,  c<!  0)  cc  i>* 

,1  - - - -  ——In  — —  <  —  In  — 

°  °<  2TT  kxd  2  rr  l>0 


iorrDn  kh 


where, 


Gd»  Gc  "  Thermal  resistivities  of  die¬ 
lectric  and  sheath. 

D0,  Ds  ■  Inner  and  outer  diameter  of 
the  jacket. 

kh  ■  Thermal  dissipation  constant  for 
cable  surface  exposed  to  the  air. 

In  our  cable,  k^  ■  8.2  x  10“4 


TOLERANCE  OF  THE 
DIAMETER  OF  THE 
INSULATION 


FOR  PRm  25  dB  * t  I0O  MHz 
AD  -  10 pm  (  -  5pm  ) 


Pig.  1:  Maximum  absolute  deviation  oC  the  insulation  resist,  vs.  critical  frequency 
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Klfl*  2i  Naxiauai  absolute  deviation  of  the  coaxial  capacitance  va.  critical  frequency 


Replacing  the  corresponding  values  of  The  maximum  power  rating  can  finally 

these  parameters  in  equation  (20)  we  be  obtained  using  the  expression * 

obtain 


Sd 


1.28  logj.0 


1.6 

0.25 


1.0319 


Po 


8.686 


»o 

2(Qf  Tc) 


where, 

of  Tc  ■  Cable  attenuation  at  Tc  with 
a  temperature  coefficient  of 
0.201  per  degree  celsius. 


10  Mix  0.0616 


0.0166  0.000686 


based  on  this  we  obtain, 


100  Mhx  0.19  0.052  0.00686 

The  following  equation  con  then  be  obtain¬ 
ed, 

£  »  10  Mhx;  Tc  «  1.0634  1IQ  + 

f  =  100  Mhz;Tc  »  1.2459  H0  + 

whose  solutions  are  respectively, 

f  =  10  Mhz  H0  =  5.5 

f  =  100  Mhz  H0  =  5.7 


f  »  10  Mhz  PQ  -  263  Watts 

£  »  100  Mhz  PQ  «*  101  Watts 


Other  intermediate  values  can  easily 
be  obtained  by  means  of  a  computer, 
which  can  be  programmed  to  follow  the 
above  routine. 


The  results  are  shown  in  a  graph  in 
Figure  3. 

To  summarize  the  design  process  used 
so  far,  the  following  table  sets  out 
the  details  of  the  construction  of  the 
cable. 
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TABU!  Ii 


1.  CKNTK*  CONDUCTOR 


-  Material 

Tinned  copper 

-  Diameter  (mm) 

0.2S 

D1KMCTKXC 

-  Material 

Solid  polyethylene 

-  Diameter  (mn) 

-  Tolerance  of  the 

1.60 

diameter  (pm) 

-  Tolerance  of  tho 
coaxial  capacitance 

♦  S 

tpP) 

OUTKK  CONDUCTOR 

+  0.2 

3.1.  Foil  tape 

-  Material 

Aluminium  polyester 

-  Width  (na) 

6 

-  Thickness  (mail 

0.031 

3.2.  Braid 

-  Material 

Tinned  copper 

-  Croups 

16 

-  Wires  /  Croup 

5 

-  Wire  diamoter  (mm) 

0.1 

-  Lay  length  (mia) 

20 

-  Coverago  itl 

>90 

3.3.  Drain  wire 

-  Material 

Tinned  copper 

-  Diameter  (mm) 

0.2S 

OUTER  JACKET 

-  Material 

PVC 

-  Outer  diameter  (mm) 

2.7  -  2.9 

Figure  4  is  n  schematic  design  of  the 
cross  section  of  the  cable. 


owe* 

JACKET 
1 1  2.7mm, 


Fig.  4:  Cross  section  of  the  cable 


RESULTS  OF  THE  CABLE  TESTING 

1.  PROCESS  MEASUREMENTS 

During  extrusion  of  the  cable  both  the 
cable  diameter  and  the  coaxial  capacitance 
were  constantly  monitored. 


12  International  Wire  &  Cable  Symposium  Proceedings  1989 


The  aim  of  this  monitoring  vas  to  ensure 
that  throughout  the  whole  process  both 
parameters  voro  closely  kept  within 
the  required  limits,  in  order  to  onsuro 
that  the  final  Structural  Return  Losses 
of  the  cable  were  kept  above  a  reasonable 
value  compatible  with  the  high  frequency 
and  high  data  rate  the  cable  is  supposed 
to  transmit. 


The  graphic  plot  of  this  continuous 
monitoring  is  given  in  Figure  5. 


The  following  Table  III  summarizes  the  re¬ 
sults  obtained. 

So  as  to  make  sure  that  the  measurements 
wore  :omplotely  accurate  and  were  not 
made  inaccurate  because  of  pigtails 
or  connecting  pins,  both  cablo  ends, 
were  soldered  to  the  test  equipment 
connectors. 

The  coaxial  terminating  loads  were  also 
soldered  to  tne  free  cable  ends  and 
screened  from  cuter  interferences. 
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Mg.  S:  Continuous  Monitoring  of  Uiq  capacitance  and  dinaotnr  of  ilia  insulation 


As  can  be  seen,  the  variations  of  the 
cable's  coaxial  capacitance  are  kept 
within  the  +  0.2  pF  and  the  variations 
of  the  dielectric  diameter  are  kept 
within  the  limits  of  + 


2.  ELECTRICAL  AND  TRANSMISSION  MEASURE- 
MENTS 

Once  the  cable  was  finished  it  was  sub¬ 
jected  to  a  complete  series  of  electrical 
and  transmission  measurements  in  order 
to  assure  its  performance  at  frequencies 
of  up  to  100  Mhz. 


Near  End  Cross  Talk  measurements  were 
carried  out  on  two  10  meter  cable  lengths 
bound  together. 

The  braids  of  the  two  cables  were  con¬ 
nected  to  each  other  and  to  the  earth 
of  the  equipment.  The  object  of  this 
measurement  wan  to  simulate  an  actual 
installation  in  which  a  group  of  cables 
run  parallel  to  one  another  in  a  common 
bum'le  along  distances  in  the  order 
of  10  n. 

The  rest  "of  the  tests  were  carried  out 
using  standard  procedures  and  their 
results  as  shown  in  Figures  6  to  12. 
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TABtJt.m 

1.  O.C.  Kealatance  (ohas/kg) 

-  Incr  conductor  330.8 

-  Outer  conductor  25.6 

2.  Mutual  Capacitance  InF.’kMl  04 

3.  Dielectric  Strength  IV'.  3000 

(1  Min.  50  tlx) 

4.  Insulation  Resistance  Oteiuas/ka)  100,000 

(1  Min.  500  V^I 


S.  Characterintlc  iMpedance 
0.  Attenuation  (1  *  100  n) 

7.  Return  Un in  (t,  «  100  m) 

8.  Near  Knd  Cron*  Talk 

(I,  »  10  n) 

7  Time  <lo«4 in  reriectlon 
(L  «  100  m> 


rig.  0,7,8 
rig.  g 
rig.  10 
Pig.  11 


rig.  13 
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Fig.  6:  Linear  representation  of  the 
cable  impedance  vs.  frequency 
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Fig.  8:  Cable  impedance  vs.  frequency 

Smith  diagram  (p*  0.5  full  scale) 
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SHEATHING  compound 


The  material  used  as  the  cable  jacket 
is  u  dielectric  compound  of  polyvinyl 
chloride  with  a  K  ■  70,  having  plastifica- 
tion  (DlDP/  and  stabilization  degrees 
adequate  to  provide  the  material  with 
good  characteristics  at  a  tenaonablo 
cost. 

The  following  mechanical/  electrical 
and  thermal  properties  have  been  studied 
in  the  material. 


1.  MENS IT? 

The  tost  was  carried  out  m  a  gradiont 
column  at  20^0  according  to  ASTM  D- 
1505.  The  value  obtained  for  cho  material 
density  is  1.26  g/cm-'. 


2,  TKMSILF.  STRENGTH  AT  BREAK 

It  was  carried  out  following  BS  6469- 
84  using  dumb-bell  test  specimens  75 
mm  long  obtained  from  molded  plates 
having  a  thickness  of  1.27  mm.  The  samples 
were  subsequently  subjected  to  temperature 
conditioning  at  23  +  2«>C  during  24  hours. 

The  average  tensile  strength  obtained 
is  185  kgf/cm2. 


3.  ELONGATION  AT  BREAK 

The  test  was  carried  out  according  to 
BS  6469-84  using  similar  samples  to 
the  ones  used  jn  the  previous  paragraph. 

The  elongation  at  break  obtained  is 
3308. 


4.  TENSILE  STRENGTH  AND  ELONGATION 
AT  BREAK  AFTER  AGEING 

Test  samples  similar  to  the  previously 
mentioned  in  paragraphs  2  and  3  wore 
subjected  to  ageing  treatment  in  an 
air  oven  with  flow  under  pressure.  The 
oven#  of  a  Wallace  Typef  had  a  temperature 
regulator  and  an  air  flow  meter  graduated 
for  8  complete  changes  of  air  per  hour. 

The  ageing  was  performed  at  80/  90  and 
100QC  during  time  periods  of  5/  10, 
15,  20  and  30  days. 

After  each  ageing  period,  the  samples 
were  tested  and  the  results  are  shown 
in  Fig.  13  and  14. 


rig.  13:  Sheathing  compound  tensile 
strength  niter  aging 


Vig.  14:  Sheathing  compound  strain 
alter  aging 
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5.  I>OSS  or  MASS  TEST 


New  dumb-bell  test  pieces  were  subjected 
to  the  same  ageing  treatment  as  before. 
The  percentage  of  loss  of  weight  obtained 
are  indicated  in  Fig.  15. 


6.  BENDING  TEST  AT  LOW  TEMPERATURE 
AND  HEAT  SHOCK  TEST 

Both  costs  were  carried  out  following 
the  procedure  indicated  by  BS  6469- 
84.  Visual  examination  of  the  samples 
did  not  show  any  indication  of  cracks 
or  deterioration  of  the  specimens. 


7.  1IEAT  DEFORMATION  TEST 

This  test  was  again  carried  out  according 
to  BS  6469-84  using  temperatures  of 
80,  90  and  lOO^C  and  using  weights  of 
250,  350  and  500  g  during  4  hours. 

The  results  are  shown  in  Fig.  16. 


Fig.  IS:  Loss  oC  «ubs  of  the  sheathing 
coapound  after  aging 


Fig.  16:  loss  of  thickness  of  tho 
sheathing  compound 


8.  OXIDATIVE  INDUCTION  TIME 

The  thermal  stability  of  the  material 
was  tested  using  a  differential  scanning 
calorimeter  (DSC)  in  a  N2/O2  atmosphere. 
The  procedure  and  the  results  are  shown 
in  Fig.  17. 

9.  ASH  CONTENT 

This  tost  was  performed  using  a  thermogra¬ 
vimetry  technic  (TG),  employing  nitrogen 
as  purging  gas.  The  loss  of  mass  during 
the  test  in  the  temperature  range  of 
50  to  950°C  is  of  95%  as  can  be  seen 
in  Fig.  18. 

10.  FLAME  SELF-EXTINCTION 

It  was  tested  according  tc  IEC-189- 
1  using  samples  of  260x10x3  mm.  The 
extinction  time  is  lower  than  30  sec 
and  the  burn  out  area  shorther  than 
15  cm. 
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cell  according  to  ASTM  D-1531  at  a  fre¬ 
quency  of  10  Khz.  The  obtained  results 
are, 

-  Dielectric  constant  *5.39 

-  Loss  tangent  0.0922 


13.  VOLUKK  RESISTIVITY 

Carried  out  following  ASTM  d-257,  the 
test  samples  used  had  a  radial  thickness 
of  1.27  +  0.13  mm  and  a  diameter  of 
330  mm.  The  samplos  previous  to  the 
test  were  soaked  in  distilled  water 
during  2*5  hours. 


N  II  I  It  O  t)  NO 


A  «•  M  1 


14 .  HARDNESS 


a*  .iwn-mv  iaUH 

I  OHM  I  NO  IMA 

WlilOllf  *<>  IS  ma 


The  compound  has  a  hardness  in  the  scale 
Snore  A  of  82  -  83o. 


■CONCLUSION 

A  miniature  flexible  coaxial  cable  in¬ 
tended  as  hook  up  for  digital  transmission 
has  been  designed,  manufactured  and 
tested  showing  good  transmission  and 
Qlcctrlcal  properties  and  good  agreement 
with  tha  predicted  results. 

The  characteristic  impedance  of  tha 
cable  has  resulted  in  a  value  slightly 
higher  than  initially  anticipated  by 
theoretical  calculations  indicating 
that  the  equation  used  for  calculations 
is  no  longer  valid  when  the  cable  dimen¬ 
sions  are  reduced  to  limits  such  as 
those  considered  here. 


rig.  19i  Screen  of  themogrAviMetric  analysis 


11.  LIMITING  OXYGEN  INDEX 

The  test  was  carried  out  following  ASTM 
D-2863  using  samples  of  200x6x4  mm. 
The  limiting  oxygen  index  (LOI)  obtained 
has  been  of  24%. 


12.  DIELECTRIC  CONSTANT  AND  DISSIPATION 
PACTOR 

The  tests  were  performed  using  a  Q- 
Meter  HP-4342-A  and  a  liquid  displacement 
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In  this  paper  we  describe  a  new 
active  under-carpel  cabling  system  for 
IEEE  802.3.  We  have  developed  three  main 
components  for  this  system. 

(1) Thln  coaxial  trunk  cable  which  has 
suitable  shape  for  placement  under 

carpet. 

(2) Thin  and  compact  transceiver  unit 
which  can  be  set  on  the  floor  and 
lies  flush  with  the  carpet. 

(3) Transccl ver  cable  which  is  thinner 
and  more  flexible  than  conventional 
cable. 

By  application  of  high  density  sur¬ 
face  counting  technology,  the  transceiver 
unit  Is  reduced  In  height  to  only  8  mm.  We 
con  set  It  on  the  floor  as  part  of  the 
carpet.  Cables  arc  reduced  In  size  by 
using  our  original  highly  expanded  pol¬ 
yolefin  Insulation  technology.  This  system 
is  easy  to  ccnslruct,  expand  or  rearrange, 
and  special  processes  arc  not  necessary  to 
keep  modern  offices  free  of  visible 
cables. 


JLJLDJXQdUaLiJUl 

Recently,  local  area  networks  (LANs) 
have  been  widely  used  in  laboratories, 
factories  and  offices.  For  cabling  sys¬ 
tems,  the  following  characteristics  are 
desirable: 

(A)  A  network  configuration  that  can  be 
easily  expanded  and/or  rearranged. 

(B) No  visible  cumbersome  cables. 

IEEE  802.3  is  one  of  the  most  popular 
types  of  LAN.  But  It  has  several  inconven¬ 
iences: 

(1) Cablcs  are  thick  and  inflexible. 

(2) Drlll!ng  is  necessary  to  attach  the 
transceiver  unit  to  the  coaxial  cable. 

(3) Transcci ver  unit  is  large. 

(4) Cablcs  running  on  the  floor,  wall  or 
celling  are  unattractive. 

In  any  modern  office,  a  wire-free 
environment  and  technical  convenience  arc 


especially  important,  and  expansion  and 
rearrangement  of  network  configuration  Is 
often  necessary.  But  conventional  cabling 
systems  for  IEEE  802.3  arc  not  suitable 
for  expansion  or  rearrangement  because  of 
the  above  mentioned  reasons.  Special 
processcn  are  ncucssary  to  keep  modern 
offices  free  of  visible  cables. 


To  solve  these  problems,  we  have 
developed  a  new  active  under-carpet  ca¬ 
bling  system  tor  IEEE  802.3.  In  designing 
this  now  cabling  system,  we  had  paid  much 
attention  to  keep  the  fine  appearance  of 
the  environment  and  to  maintain  user- 
friendliness.  To  accomplish  this,  we  have 
developed  several  new  components: 

(l)Flat  coaxial  trunk  cable  with  suitable 
shape  for  placement  under  carpel. 

< 2 ) U I  Ira-thin  and  compact  transceiver 
unit  using  high  density  surface 
mounting  techno Sogy. 

(3)Tron,toe! ver  cable  which  Is  thinner  and 
more  flexible  than  conventional  cable. 

With  these  developments,  a  new  active 
under-carpel  cabling  system  can  be  Imple¬ 
mented.  We  call  this  system  "active"  be 
cause  the  transceiver  unit  forms  part  of 
the  coaxial  trunk  cable.  We  have  named 
this  system  "8023UCCS  (Under  Carpet  Ca¬ 
bling  Sys  5 cm)". 


Fig.)  shows  an  application  example  of 
8023UCCS.  From  flg.l,  you  can  see  that 
there  are  no  visible,  cumbersome  cables 
and  big  transceiver  units  on  the  floor 
and/or  beside  the  desks.  They  arc  con¬ 
cealed  by  carpels  so  that  there  Is  no  need 
for  special  processes  to  conceal  them, 
such  as  a  free  access  floor.  8023UCCS 
consists  of  three  main  parts:  a  flat 
coaxial  trunk  cable,  a  thin  and  compact 
transceiver  unit  and  a  thin  transceiver 
coble.  Below,  we  describe  each  component. 


ojig.U.l_La)jiK_aaMe 

The  conventional  yellow  coaxial  cable 
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for  IEEE  802.3  Ik  approximately  10  mm  In 
diameter  and  haK  poor  flexibility  due  to 
Its  rigid  construction.  It  is  not  easy  to 
handle  and  unattractive  if  It  runs  on  the 
floor,  wall  or  celling.  Certain  environ¬ 
ments.  such  ns  modern  intelligent  offices 
or  model  shop  computing  rooms,  require  a 
fine  appearance  and  easy  cable  Installa¬ 
tion.  When  a  conventional  cable  system  la 
used  In  such  rooms,  much  attention  Is 
needed  to  keep  them  wire-free. . To  achieve 
this,  usually  two  wiring  method  can  be 
used.  One  of  them  Is  a  free  access  floor 
and  the  other  is  an  under  carpet  cabling 
system.  Now  we  hod  developed  a  new  flat 
coaxial  cable  which  Is  only  2.S  mm  thick 
and  has  a  trapezoid  shape  suitable  for 
placement  under  carpet.  In  the  case  of 
conventional  coaxial  cable  and  free  access 
floor,  It  Is  hard  for  users  to  construct, 
expand  or  rearrange  the  network  configura¬ 
tion.  Usually,  Installation  workers  will 
do  it.  Hut  our  flat  thin  coaxial  coble  Is 
so  easy  to  handle  that  users  can  do  l l  by 
themselves.  Only  a  few  easy  procedures  are 
needed.  First,  turn  over  the  carpet,  next, 
place  the  cable  on  the  floor,  and  then 
cover  the  floor  with  the  carpet. 

To  reduce  the  size  without  sacrific¬ 
ing  mechanical  strength,  we  used  highly 
expanded  Insulation  lechnolog"  .  In  addi¬ 
tion,  we  considered  maximum  segment  length 
due  to  the  Increase  of  cable  attenuation 
caused  by  reduction  In  size.  Fig. 2  and 
fig. 3  show  the  structure  and  appearance, 
respectively.  Table  1  shows  the  electrical 
characteristics.  Attenuation  constant  vs 
frequency  characteristics  is  shown  In 
fig. 4.  The  attenuation  constant  of  this 
flat  cable  Is  approximately  4.2  times  as 
great  as  that  of  the  conventional  yellow 
coaxial  cable.  So  we  established  the 
maximum  segment  length  at  117  m.  As  for 
the  connecting  method  of  the  transceiver 
units  to  the  thin  flat  coaxial  cable,  a 
conventional  tap  connector  can  not  be  used 
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table  1  Electrical  characteristics  of 
flat  thin  coaxial  cable 


Fig. 2  Cross  sectional  view  of  flat 
coaxial  cable 


Fig. 3  Appearance  of  flat  thin  coaxial 
cable 

upper:flat  thin  coaxial  cable 
lower : convent  1 onal  coaxial  cable 
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Fig. 4  Attenuation  consUnt  vs.  frequency 
of  flat  thin  coaxial  cable 


Flit. 5  Appearance  of  AFCB 

because  of  the  reduced  size  of  the  cable 
and  the  transceiver  unit.  Therefore  we 

developed  original  SMB  connectors  speclfl-  exceed  the  limit,  the  case  become  so  thin 

cal  ly  fitted  for  this  cable  and  transcelv-  U»»t  It  does  not  have  sufficient  strength 

cr  unit.  t°  withstand  the  pressure  of  being  stamped 

on.  The  most  difficult  component  to  adapt 
to  this  limit  vat  the  DC-DC  converter.  We 
4. Thin  and  compact  transceiver  unit  redesigned  the  circuitry  and  applied  high 

density  surface  mounting  technology  to 
The  next  new  component  of  8023UCCS  is  create  a  new  compact,  high  performance 

the  ul Irn-thln  and  compact  transceiver  DC-DC  converter.  The  specifications  of  the 

unit  which  lies  flush  with  the  carpel.  DC-DC  converter  arc  as  follows: 

Fig. 5  shows  the  appearance  and  flg.G  shows  (l)Widc  range  Input  regulation  from  9.5  V 

the  block  diagram.  Its  height  Is  reduced  to  15.5V  with  stable  output  of  -9±5XV. 

to  only  8  mm,  almost  the  same  as  that  of  (2)Maximum  output  current  of  -200  mA  with 
carpet.  To  achieve  this,  the  total  thick-  *  conversion  efficiency  of  over  70  X. 

ness  of  all  components  In  the  transceiver  (3)Dl el ectr 1 c  strength  between  Input  and 
unit  must  not  exceed  5.5  mm.  If  they  output  terminal  of  over  500  ACV/min. 
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C4) I  sol  all  on  resistance  between  Input  and 
output  terminal  of  over  100  Molim  at 
GOO  DCV . 

(G)L*W*T  •  31*10. S+G. 5  (mm) 

As  mentioned  above,  the  transceiver 
unit  will  be  attached  to  the  flat  thin 
coaxial  trunk  cable  by  us  Inn  8MU  connec¬ 
tors.  When  we  use  connect  ini;  methods  other 
than  a  tap  connector,  we  must  consider 
Impedance  matching  between  the  cable  and 
the  connecting  portion.  If  It  Is  not 
sufficiently  matched,  distortion  of  the 
signal  will  be  greater  as  the  number  of 
Connection  becomes  greater.  But  IEEE  802.3 
standard  does  not  mention  signal  distor¬ 
tion  level  In  the  case  of  type  N  connec¬ 
tors.  Therefore  wc  formed  a  micro-strip 
line  Inside  the  transceiver  unit  which  has 
the  same  characteristic  Impedance  of  the 
flat  coaxial  trunk  cable  to  minimise 
signal  distortion.  Because  of  this,  the 
transceiver  unit  forms  a  part  of  the  flat 
coaxial  cable  and  we  call  this  system  an 
"active  cabling  system".  We  have  named 
this  transceiver  unit  an  "Active  Flat 
Connector  Box  (AFCB)". 

To  maintain  the  strength  of  the  case 
against  the  pressure  of  being  stamped  on, 
we  designed  a  reinforced  structure  Includ¬ 
ing  crossbeams,  posts,  and  a  stainless 
steel  cover.  This  cover  also  protects 
against  Electromagnetic  Emission  (EMI)  and 
disconnection.  For  EMI,  wc  look  the  addi¬ 
tional  countermeasure  of  painting  the 
outside  of  the  case  with  conductive  paint. 

There  Is  no  need  for  drilling  process 
to  attach  AFCB  to  the  flat  thin  coaxial 
cable.  It  Is  necessary  only  to  cut  the 
carpet  and  set  AFCB  on  the  floor. 


iuXU  JucAn.sccJLyfX.  -C.ai±c 

The  final  new  component  is  a  minia¬ 
ture  transceiver  cable.  Conventional 
transceiver  cable  for  IEEE  802.3  Is  about 
9  mm  In  dlumctcr  and  has  poor  flexibility. 
Our  new  transceiver  cable  Is  reduced  In 
size  to  G  mm  and  Is  more  flexible  compared 
to  conventional  cable.  Conventional  trans¬ 
ceiver  cable  can  be  up  to  GO  m  long.  But 


GO  m  long  transceiver  cable  is  not  neces¬ 
sary  In  general  and  it  becomes  cumbersome 
If  It  is  excessively  long,  because  of  poor 
flexibility.  In  our  cabling  system, the 
transceiver  unit  will  be  set  close  to  the 
Data  Terminal  Equipment  (DTE),  so  cable 
length  of  5  m  Is  sufficient,  in  designing 
the  miniature  transceiver  cable,  we  Must 


Fig. 7  Cross  sectional  view  of 
transceiver  cable 
left  :f!cxlblc  thin  transceiver 
cable 

r lgh  t : convcn  1 1  anal  transceiver 
cable 


Fig. 8  Cross  sectional  view  of 
transceiver  cable 
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table  2  Electrical  characteristics  of 

flexible  thin  transceiver  cable 
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conaider  voltage  drop  In  the  power  trans¬ 
mission  pair  and  signal  attenuation  in  the 
data  transmission  pairs.  To  provide  elec¬ 
trical  characteristic  assurance  in  maximum 
length  and  mechanical  strength,  wc  select¬ 
ed  AWC28  (or  the  inner  conductors.  Fig.? 
and  fig. 8  show  the  cable's  appearance  and 
cross  section,  respectively.  Table  2  shows 
the  electrical  characteristics. 

This  transceiver  cable  has  a  conventional 
D-sub  connector  for  DTE  and  on  the  other 
side  a  flat  connector  for  AFC13.  Because  of 
the  reduced  size  of  AFCB,  we  designed  a 
special  flat  connector. 


fioifuiciuslaa 

We  have  developed  a  new  active 
under-carpel  cabling  system  for  IEEE 
802.3.  In  designing  this  system,  we  paid 
much  attention  to  Keep  fine  appearance  of 
the  environments  and  user-friendliness.  It 
has  a  flat  coaxial  cable  which  Is  only  2.5 
mm  thick  and  has  a  trapezoid  shape  suit¬ 
able  for  placement  under  carpet.  The 
transceiver  unit  Is  small  and  only  8  mm 
thick,  so  It  can  be  set  on  the  floor  as 
part  of  the  carpet.  The  transceiver  cable 
Is  also  reduced  In  size  and  is  more  flexi¬ 
ble  than  conventional  cable.  It  Is  easy  to 
construct  or  expand  this  system,  or  to 
rearrange  the  configuration  uf  the  net¬ 
work.  Additionally  It  does  not  need  spe¬ 
cial  processes  to  keep  modern  offices  free 
of  visible  cables.  So  users  can  do  It  all 
by  themselves. 
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MSIBACI 

The  use  of  twisted  pairs  for  high  speed  data 
transmission  in  the  premises  wiring  application  is 
now  common.  Local  area  networks  are  currently  using 
twisted  pairs  at  data  rates  of  up  to  16  Mbps. 

The  design  of  inside  wiring  cables  must  be  evaluated 
for  system  reach  and  EMI  emissions  as  well  as 
compliance  with  NEC  and  FCC  requirements  for  optimum 
system  performance. 

Measurement  methods  assessing  the  performance  of 
cables  on  digital  systems  were  developed  and  results 
of  analog  and  digital  Measurements  are  given.  Using 
this  data,  new  cable  designs  providing  substantial 
reach  improvements  over  conventional  wiring  arc 
presented. 

INTRODUCTION 

Local  Area  Networks  (LANs)  and  other  high  speed 
digital  systems  are  now  common  place  in  the  office 
environment.  Traditionally  these  systems  were 
designed  with  coaxial  cables  as  the  principal 
transmission  media.  With  the  evolution  of  technology 
both  in  data  transmission  and  digital  signal 
processing,  the  transmission  media  used  for  high 
speed  data  networks  must  be  reconsidered. 

The  use  of  impedance  matching  devices  and/or  baluns 
has  permitted  the  migration  of  coax  based  networks 
to  twisted  pairs  providing  a  more  cost  effective  and 
space  efficient  solution.  The  variety  of  twisted 
pair  cabling  designs  combined  with  the  increasing 
data  rates  highlight  the  need  for  proper 
characterization  of  the  transmission  media  in  its 
intended  environment. 

To  the  cable  designer  the  desired  conventional  cable 
properties  are  low  loss  and  reduced  signal  to  noise 
ratio.  However,  to  the  network  engineer  and  end  user 
the  transmission  capacity,  reduced  signal  distortion 
and  low  electromagnetic  interference  (EMI)  are 
important.  Preferably  at  low  cost  and  compact  size. 

The  focus  of  this  paper  is  on  the  development  of  an 
optimal  cable  design  based  on  measurements  made  of 
both  analog  and  digital  parameters.  Cable  types  with 
different  design  features  such  as  characteristic 
impedance,  shield  type  (if  applicable),  insulation 
material,  pair  balance,  and  gauge  were  selected  for 
evaluation. 


Analog  measurements  were  made  using  S-parameters. 
New  test  methods  were  developed  for  the  study  and  the 
evaluation  of  digital  transmission  characteristics 
and  factors  affecting  EMI.  Actual  system  reach  was 
established  and  supports  the  digital  measurement 
results.  Using  the  data  collected  an  optimal  cable 
design  was  derived. 


1  -  TRANSMISSION  CHARACTERISTICS 


Seven  (7)  cable  types  having  different  generic  design 
features  were  selected  for  the  evaluation.  The 
description  of  the  cable  types  is  given  in  Table  i.l 


TYPE 

IMP 

SHIELD 

GAUGE 

REMARKS 

100  a 

at 

1 

mi 

Cl 

U»* 

2 

100  D 

No 

24 

Low  loss  ins. 

3 

100  o 

No 

22 

Low  loss  Ins. 

4 

150  a 

Individual 

22 

IBM  type  1 

5 

150  a 

No 

24 

Cellular  ins. 

6 

150  a 

Overall 

24 

Cellular  ins. 

7 

100  a 

No 

24 

Low  loss  ins. 
(Opt  Bal) 

Table  1.1:  Cable  type  evaluated 


Throughout  this  paper  measurements  are  reported  on 
a  selection  of  these  cable  types  depending  on  the 
parameter  of  interest. 


1.1  ANALOG  characterization 

Methods  for  measuring  attenuation  and  crosstalk  have 
evolved  from  bridge  measurements.  The  speed  and 
automation  of  data  acquisition  providing  more  data 
through  the  frequency  spectrum  of  interest.  The  use 
of  S-parameter  instruments  has  also  increased  the 
frequency  bandwidth  of  the  measurement. 

The  apparatus  used  for  the  measurement  is  shown  in 
Figure  1.1.1.  It  is  composed  of  a  network  analyzer, 
the  accompanying  S-parameter  test  set,  baluns,  and 
a  computer  connected  via  a  GPIB  interface  (see 
appendix  A).  The  frequency  bandwidth  of  interest  is 
ICO  kHz  to  20  MHz  well  within  the  capability  of  the 
instrument  which  is  limited  to  200  MHz  and  of  the 
baluns  which  are  limited  to  approximately  30  MHz. 
Both  attenuation  and  crosstalk  are  two  port 
measurements  done  in  a  balanced  mode.  Proper 
transformers  are  used  to  adapt  the  50  o  unbalanced 


International  Wire  &  Cable  Symposium  Proceedings  1989  27 


>rm  sc  yu'.vr* 


impedance  of  the  instrument  to  the  balanced  iupedance 
of  the  cable.  This  technique  of  measuring  the 
secondary  parameters  at  higher  frequency 
(attenuation,  phase  shift,  impedance)  is  referenced 
in  outside  publications'. 

Using  this  measuring  technique,  four  cables  were 
compared  for  attenuation.  As  mentioned  previously 
in  Table  1.1,  cable  1  represents  the  unshielded 
twisted  pairs  (UIW)  which  complies  with  the  draft  T1A 
Standard7  for  horizontal  wiring  and  cable  4 
represents  shielded  twisted  pairs  which  complies  with 
the  IBM  Type  I  specification1. 


Figure  1.1.2:  Attenuation  characteristics 


As  seen  in  Figure  1.1.2,  the  performance  of  cables 
2  and  3  falls  in  between  the  two  specifications. 
This  would  be  expected  due  to  a  less  lossy  insulation 
material  used  in  cables  2  and  3.  All  three  cables 
1,  2  and  3  have  the  same  impedance  of  100  ohms. 
Cables  3  and  4  are  22  AWG  cables  which  explains  the 
lower  attenuation. 

The  results  of  crosstalk  measurements  can  be  seen  n 
Figure  1.1.3,  cables  2  and  3  have  a  10  dB  advantage 
over  cable  1.  The  optimal  twist  lays  and  the  well 
balanced  pairs  are  the  reasons  for  this  improvement. 

The  crosstalk  for  the  IBM  type  I  standard  is  almost 
at  the  ambient  noise  level  since  its  two  pairs  are 
individually  shielded. 

From  the  above  data  it  can  be  '?en  that  significant 
gains  can  be  made  on  cable  transmission  losses  by  the 
choice  of  insulation  material  and/or  design 
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Figurt  1.1.3:  Crosstalk  comparison 


characteristic  impedance.  Signal  to  noise  ratio  on 
the  other  hand  can  be  controlled  using  individually 
shielded  pairs  or  a  proper  selection  of  twist 
lengths. 


1.2  DIGITAL  CHARACTERISTICS 

In  a  digital  environment,  the  cable  cannot  be 
dissociated  from  the  system  on  which  it  is  operating: 
its  performance  will  be  dependent  on  the  transmitted 
frequency,  the  encoding  technique,  the  presence  / 
absence  of  filtering  etc..  The  method  used  for  the 
study  of  the  cable  types  is  the  analysis  of  the  eye 
pattern  through  which  the  effect  of  the  transmission 
parameters  on  the  signal  can  be  seen  for  various  bit 
patterns 

Two  Local  Area  Networks  having  different  properties 
were  studied:  the  IBM  Token  Rina  (IEEE  802.54)  and 
Ethernet  by  Lattisnet  (IEEE  802. 3s).  The  differences 
between  the  two  are  given  in  Table  1.2.1. 


I6M 

TOKEN  RING 

SYNOPTICS 

Ethernet 

OPERATING  FREQUENCY 

4  MHz 

10  MHz 

ENCODING  TECHNIQUE 

Differential 

Manchester 

Manchester 

ARCHITECTURE 

Star-Ring 

Star 

DRIVING  SIGNAL 

Not  filtered 

Filtered 

Table  1.2.1:  IBM  Token  Ring  and  Synoptics  Ethernet 
systems 


The  "eye  pattern"  is  the  result  of  superimposing  all 
possible  pulse  sequences  during  a  defined  period  of 
time.  Since  a  random  signal  is  fed  through  the  pairs, 
a  large  selection  of  combinations  are  recorded.  For 
that  reason  it  was  found  that  the  "eye  pattern"  is 
the  most  efficient  method  to  evaluate  a  cable  for  a 
given  system.  Not  only  is  the  strong  influence  of 
the  analog  parameters  visible  but  the  decision  area 
for  a  given  system  can  easily  be  defined. 

For  error  free  transmission  and/or  regeneration,  the 
eye  must  be  open,  meaning  a  decision  area  must  exist. 
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TESTS  AT  500  FEET 


setup 

Figure  1.2.1  depicts  the  measurement  setup  used  For 
the  evaluation  of  eye  patterns.  It  is  composed  of  a 
Frequency  Synthesizer  (FS),  a  Programmable  Random  Bit 
Generator  (PRBG),  a  LAN  simulator  which  is  a  replica 
of  the  final  stage  of  a  network  card 
(encoder/decoder,  driver/receiver),  and  the  cable 
under  test.  The  LAN  simulator  circuits  were  designed 
and  developed  for  Ethernet  and  Token  Ring  systems 
providing  the  capability  to  inject  a  known  bit  stream 
from  thn  PRBG. 


Token  Rino  4  NHz  -  Different  fil  Winchester 

The  encoding  technique  used  by  the  Token  Ring  is  the 
differentiil  Hinnhester.  its  signaling  scheme 
follows  three  rule>:  a  signtl  tnnsition  always 
occurs  in  the  centre  of  the  bit  time;  a  zero  bit  his 
a  tnnsition  it  the  beginning  of  the  bit  time 
contnrily  to  the  one  tit  which  his  no  tnnsition. 
The  DC  level  is  iround  5  P. 


_  wmium 


« 

i 


Figure  1.2.2:  CABLE  TYPE  1,  24  AUG,  500  feet 


The  FS  provides  a  square  wave  signal  to  an 
oscilloscope  and  the  LAN  simulator  which  after 
conditioning  returns  it  to  the  PRBG.  The  PR8G  then 
returns  the  clock  and  a  data  signal  to  the  LAN 
simulators  to  be  encoded  and  driven  along  the  cable 
through  an  interconnect  panel  and  back  to  be  received 
and  decoded.  The  data  along  with  the  clock  are  sent 
back  to  the  PRBG  to  be  compared  to  the  original  data 
and  analyzed.  This  allows  the  original  transmission 
to  be  compared  with  the  received  signal  and  the  error 
rate  monitored. 

A  digital  oscilloscope  with  a  differential  probe  Is 
used  to  analyze  the  signal  at  the  receiving  end  of 
the  interface.  The  oscilloscope,  connected  to  a  PC, 
transfers  the  data  via  a  GPIB  bus.  An  application 
software  controls  the  instrument  and  compiles  the 
data.  A  minimum  of  a  thousand  traces  were  stored  for 
one  test.  The  superimposition  of  these  traces  arc 
used  to  make  up  the  "eye  pattern*.  The  different 
shades  in  the  traces  are  a  function  of  the  density 
of  points  accumulated  at  this  particular  position: 
The  darkness  of  the  lines  is  proportional  to  the 
number  of  occurrences  of  the  same  measured  value. 

In  the  following  section  eye  pattern  traces  are  shown 
for  measurements  made  on  Token  Ring  (4  Mbps)  and 
Ethernet.  Data  is  presented  for  identical  lengths 
of  cables  1,  2  and  3  and  at  the  reach  limit  of  each 
cable  for  the  two  systems.  The  effect  of  crosstalk 
on  eye  pattern  is  also  shown. 
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Figure  1.2.3:  CABLE  TYPE  2,  24  AUG,  500  feet 
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Figure  1.2.4:  CABLE  TYPE  3,  22  AUG,  500  feet 


Note:  all  graphs  use  the  same  scale. 
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The  encoding  technique  used  by  the  Ethernet  system 
Is  the  Winchester.  It's  sign* 1 1 fng  scheme  fol low  two 
rules;  etch  bit  symbol  is  split  into  two  htlves 
with  the  second  htlf  c ontiining  the  bintry  inverse 
of  the  hilf;  the  first  htlf  contiins  the  complemented 
tnd  the  second  hilf  contiins  the  uncomplemented 
sigml  of  the  bit  vilue.  Like  the  differenttil 
Winchester,  t  tnnsftion  ilwtys  occurs  in  the  middle 
of  etch  bit-symbol. 

Figures  1.2.S  to  1.2.7  show  equal  lengths  of  5Q0  feet 
for  cable  types  1,  2  l  3  but  on  the  Ethernet  IAN. 

Ethernet  systems  transmit  at  a  much  higher  frequency 
110  Hllz).  As  seen  on  the  graph,  the  amplitudes  have 
decreased  significantly. 
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Figure  1.2.5:  CABLE  TYPE  1,  24  AWG,  500  feel 
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TESTS  AT  REACH  LIMIT 

The  performance  of  a  system  is  evaluated  by  the 
tglerance  margin  available  to  make  a  decision  on  the 
received  signal.  This  parameter  Is  defined  at  the 
aperture  of  the  eye.  The  openness  f  the  eye  can  be 
affected  by  a  decrease  in  signal  level  or  an 
irregular  shift  in  time  of  the  Incoming  bit  sequence 
known  as  jitter.  The  system  electronics  set  the 
maximum  Jitter  and  signal  attenuation  in  the  form  of 
a  minimum  aperture  required  for  proper  system 
operation,  These  are  sometimes  given  in  the  form  of 
a  template  with  well  defined  height  and  width.  In  the 
case  of  cable  type  1,  the  length  studied  is  very 
close  to  the  reach  limit  of  600  feet  for  the  Ethernet 
LAN  (fig  1.2.5).  The  eye  is  almost  closed,  the 
system  has  reached  its  operational  limit. 

When  looking  at  any  "eye  pattern"  two  discrete  traces 
can  easily  be  seen  for  the  binary  levels.  Two 
amplitudes  are  observed  for  each  trace,  one 
corresponding  to  a  scries  of  l's  or  O' s  and  the  other 
to  a  series  of  alternating  0‘s  and  l's.  The  latter 
has  the  lowest  amplitude  since  the  apparent  frequency 
Is  higher  and  therefore  the  signal  more  attenuated. 
When  a  series  of  continuing  l's  or  0's  are 
transmitted,  i.e.  there  is  more  time  for  the  cable 
to  charge  or  discharge  ,  thus  the  voltage  amplitude 
can  reach  a  higher  or  lower  steady  state  amplitude 
than  when  alternating  0's  and  l's  are  sent. 

Of  the  three  cable  types,  the  signal  on  cable  3  has 
the  highest  amplitude  and  the  steepest  rise  tire, 
hence  a  larger  eye  opening  and  a  larger  decision 
tolerance  for  the  system  (fig  1.2.4). 

Jitter  measurements  are  made  by  measuring  the  width 
in  time  of  the  trace  at  the  zero  crpxsing  point. 

In  order  to  Identify  the  minimum  decision  levels  that 
exist  for  the  two  systems,  amplitude  and  time, 
measurements  were  performed  at  the  reach  limit. 
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Figure  1.2.6:  CABLE  TYPE  2,  24  AWG,  500  feet 
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Figure  1.2.7: 
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CABLE  TYPE  3,  22  AWG,  500  feet 
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Figure  1.2.10:  CABLE  TYPE  3,  22  AMG,  1510  feet 


Figure  1.2.13:  CABLE  TYPE  3,  22  AVG,  1100  feet 


In  the  case  of  the  Ethernet  network,  the  system  can 
tolerate  a  much  smaller  aperture.  The  eye  is  almost 
closed  before  the  system  fails  to  transmit  error 
free.  \t.r-  limit  in  voltage  amplitude  is  the 

s-rv  »£■<•  all  three  cable  types  at  their  maximum 
operating 

It  is  clear  that  the  effect  of  attenuation  is 
significant;  the  degradation  of  the  signal  causes  the 
eye  to  shrink  to  a  certain  limit.  Once  encoded,  the 
frequency  of  the  data  varies  in  time,  and  the 
different  amplitudes  of  these  frequencies  are  well 
seen  in  the  graphs 
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Anoth*r  factor  affecting  the  digital  performance  of 
a  cable  is  crosstalk.  Tests  with  two  systems 
operating  within  the  same  cable  were  performed.  The 
objective  was  to  determine  if  the  crosstalk  of  pair 
1  and  2  from  the  first  system  was  disturbing  pair  3 
and  4  of  the  second  system. 

The  setup  used  was  with  Ethernet  because  of  its 
higher  bit  rate.  The  LAN  simulators  were  connected 
to  the  disturbing  pair  and  actual  LAN  signals  were 
connected  to  two  other  pairs.  The  result  in  Figure 
1.2.14  shows  the  influence  is  not  visible  on  the  eye 
pattern. 

To  magnify  the  effect  of  crosstalk,  an  RF  generator 
was  used  to  induce  noise  in  the  adjacent  pairs.  With 
an  output  signal  of  20  dB,  the  result  is  more  visible 
(Figure  1.2.15):  the  ripples  induced  account  for 
almost  15%  of  the  amplitude  of  the  original  signal. 
Knowing  the  crosstalk  level  of  cable  2  at  10  MHz  is 
-45  dB,  the  induced  noise  level  using  the  RF 
Generator  is  close  to  -25  dB. 

In  reality  it  is  unlikely  a  system  with  that  much 
power  would  run  on  an  adjacent  pair.  The  objective 
of  this  exercise  was  to  show  Lhe  effect  of  strong 
crosstalk  on  system  performance. 
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Figure  1.2.14:  CABLE  TYPE  2,  Crosstalk:  10  Mbps 
Ethernet 
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Figure  1.2.15:  CABLE  TYPE  2,  crosstalk:  RF 
Generator 


In  1968  the  Federal  Communication  Commission  was 
mandated  to  enforce  legislation  controlling  electro 
magnetic  interference  from  electronic  devices  at 
frequencies  between  30  MHz  and  1000  MHz.  Harmonics 
from  systems  having  much  lower  frequencies,  digital 
systems  in  particular,  can  easily  generate 
interference  in  this  bandwidth. 

With  the  evolution  of  higher  bit  rate  systems  (10 
and  16  Mbps),  radiated  EMI  from  the  transmission 
media  is  of  serious  concern  to  the  system  designer. 
Parameters  affecting  radiation  must  be  evaluated  in 
the  design  of  a  cable  for  digital  transmission. 

In  this  section  the  effect  on  radiated  emissions  were 
studied  for  cables  1  to  7.  These  cables  have 
different  design  parameters  which  can  affect  EMI  such 
as  different  types  of  shield  or  pair  balance. 

Two  methods  were  used  to  evaluate  the  cable 
performance.  In  the  first  instance  a  method  was 
developed  to  increase  the  sensitivity  of  measurements 
by  isolating  the  cabla  from  all  other  electronic 
equipment.  Development  of  this  test  method  was 
required  since  all  recognized  standards  specify  that 
measurements  be  made  on  the  complete  system  including 
the  electronic  equipment,  cables  and  other  peripheral 
devices.  Once  the  tests  were  completed,  measurements 
were  made  in  accordance  to  the  FCC  MP4  standard  for 
verification  that  discrete  frequency  components  do 
not  exceed  the  FCC  limits.  In  this  case  the  cable 
is  tested  as  an  accessory  to  a  computing  device. 

Both  measurements  were  made  in  an  open  field 
environment.  This  was  done  to  eliminate  reflections 
in  the  30  to  200  MHz  bandwidth.  Anechoic  cones  in 
a  shielded  room  cannot  fully  absorb  reflections  in 
this  bandwidth.  No  data  was  recorded  at  frequencies 
above  230  MHz  due  to  the  low  level  of  the  harmonics 
at  these  frequency. 


2L..1 _ CABLE  ..EHI.JEST.INQ 

The  test  procedure  developed  for  measurements  on  the 
cable  alone  is  a  derivation  of  the  FCC  MP4  procedure. 
The  cable  sample  is  placed  on  a  rotating  boom  and 
configured  to  expose  a  length  of  10  ft  horizontal  and 
two  vertical  lengths  of  7  ft  each.  It  is  energized 
with  a  broadband  signal  to  obtain  measurement  over 
a  wide  frequency  spectrum.  A  schematic  of  the  test 
set-up  is  given  in  Fig  2.1.1. 
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figur*  2.1.1:  EMI  Test  So tup 


This  configuration  fulfils  two  functions;  it 
maximizes  the  field  in  a  single  direction  and  is  a 
good  simulation  of  an  actual  installation.  With  the 
cable  transmitting  the  antenna  is  oriented  to  find 
the  maximum  field  intensity.  The  antenna  is  thnn  set 
in  this  position.  Measurements  are  taken  on  a 
spectrum  analyzer  synchronized  to  the  broadband 
source.  Oata  is  collected  in  the  30  Wi t  to  230  MHz 
frequency  range  and  is  tabulated  in  a  field  strength 
vs  frequency  plot  with  the  field  strength  given  in 
dBfV/m 

Measurements  were  made  in  a  balanced  mode  using 
impedances  matched  to  a  broadband  source  and  the 
cable  terminated  with  its  characteristic  impedance. 
Return  to  ground  for  shielded  products  was  provided 
through  the  wall  outlet  earth  protection  which  was 
verified  to  t-a  a  good  ground. 

The  results  observed  show  the  significant  impact  of 
design  parameters  with  respect  to  EMI  compatibility. 
Measured  data  is  summarized  in  figs  2.1.2  and  2.1.3 
where  it  can  be  seen  that  cable  type  4  having  a 
foil/braid  shield  radiates  the  least  energy  when 
properly  terminated.  However  when  the  shield  on  this 
cable  is  no  longer  terminated  to  ground,  emissions 
become  much  greater  and  much  worse  than  for 
unshielded  cable  types  tested. 

It  is  also  seen  that  the  frequency  response  of  cables 
is  an  irregular  function  of  frequency  i.e.  higher 
frequency  signals  will  not  necessarily  radiate  more. 

Another  observation  made  was  that  the  emissions  from 
the  higher  impedance  cable  were  much  greater.  This 
can  be  explained  by  the  closer  coupling  of  the  cable 
to  free  space  which  has  a  characteristic  impedance 
of  377  ohms. 


Tigurm  2.1.2:  Measured  emission  for 

sample  sec  1 
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figure  2.1.3:  Measured  emission  for 

sample  sot  2 


Sample  set  1  is  mostly  159a  cables.  Sample  set  2  is 
mostly  100a  cables.  Cable  7  is  in  both  sets  as  a 
reference  point 


2.2  SYSTEM  MEASUREMENTS  TO  FCC 

Having  evaluated  the  performance  of  different  cable 
designs  subjected  to  a  broadband  source,  actual 
system  tests  are  needed  to  verify  compliance  with  the 
FCC  requirements. 

It  is  important  to  note  that  the  intent  of  the  FCC 
regulations  is  to  protect  the  crstoifier  from  radio 
interference,  implying  that  all  LAN  environments  must 
br  ree  from  interference.  Interference  can  originate 
at  the  computing  device,  along  the  cable  path  and  at 
the  cable  concentrator. 

FCC  states  that  the  measurements  must  be  made  on  the 
worst  case.  The  method  adopted  here  was  to  include 
the  maximum  cable  loop  length  as  an  accessory  to  the 
device  under  test  combining  the  computing  and  cable 
path  environment.  Measurements  on  the  cable 
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concentrator  Mere  not  performed  since  the  signal  on 
the  cable  is  the  strongest  at  the  computer 
(regenerator)  end  of  the  cable. 

Using  this  setup,  tests  wore  performed  on  three 
systems  with  different  cable  types.  The  test  results 
are  summarized  in  Table  2.2.1. 

The  FCC  HP4  measurement  procedure  is  based  on  a  unit 
under  test  which  is  placed  on  a  rotating  table  three 
meters  from  a  biconical  antenna  adjustable  in  height 
and  polarity.  The  angle  of  the  antenna  is  adjusted 
to  obtain  a  worse  case  measurement  for  each  unit 
under  test.  Appropriate  software  is  used  so  that 
there  is  a  traffic  load  between  computers. 

As  for  the  previous  measurements  the  results  are 
plotted  for  field  intensity  vs  frequency.  The  FCC 
field  strength  limit  set  for  certain  bandwidth  is 
also  shown  in  Figure  2.2.1.  Under  these  test 
conditions  peaks  at  discrete  frequencies  were 
observed  at  harmonics  of  the  transmission  base  rate. 
Emission  levels  of  different  cable  types  at  these 
harmonics  represent  the  maximums  and  are  summarized 
In  Table  2.2.1.  This  data  is  for  system  measurements 
made  without  media  filters.  It  shows  that  it  is 
possible  to  meet  the  FCC  limits  at  16  Hbps  using 
unshielded  cable  designs. 


Ethernet 

Token  Ring  4 

Token  Ring  16 

Cable  1 

10.0 

20.4 

35.0  ’ 

Cable  2 

10.3 

21.8 

35.8  * 

Cable  3 

9.6 

21.0 

23.4 

Cable  4 

N.A. 

Noise  floor 

Noise  floor 

Cable  4 
(No  grnd) 

N.A. 

24.3 

37.5  * 

Cable  7 

7.6 

19.0 

27.5 

Table  2.2.1:  Verification  results 


Notes:  Values  are  dBxv/m  at  30  meters 

FCC  Limit  -  30  dB,V/m 
*  ■  Exceeding  limits 

This  data  agrees  well  with  that  observed  in  section 
2.1.  It  Is  clear  the  higher  characteristic  impedance 
of  the  cable  has  a  negative  impact  on  radiation. 

As  observed  earlier  it  can  also  be  seen  that 
radiation  is  not  necessarily  a  function  of  frequency 
or  bit  rate.  In  the  case  of  system  tests  however 
other  parameters  come  into  play  such  as  signal 
levels,  signal  shaping,  coding  and  filtering. 

It  is  important  to  note  that  significant  EMI 
improvements  can  be  made  on  unshielded  designs 
through  design  and  process  optimization. 


S 


figurm  2.2.1:  cable  radiated  emission 
vs  ambiant  noise. 


3  -  SYSTEM  TEST 

There  are  many  reasons  for  developing  a  better  inside 
cable.  Ultimately,  it  will  be  connected  to  a  data 
network  to  enhance  performance  such  as:  providing  a 
safety  marg*?:  'or  actual  equipment  as  well  as 
planning  for  future  improvements  in  technology, 
extending  the  reach  of  the  actual  system  to  connect 
workstations  placed  further  from  the  wiring  closet, 
simplification  of  the  cabling  system  by  using  only 
a  few  types  of  cables. 

System  tests  have  been  performed  to  evaluate  the 
performance  of  the  cables  for  particular  LAN  systems. 
Three  LAN  systems  (IBM  Token  Ring  4  Mbps  Ethernet 
by  Lattisnet  10  Mbps  and  IBM  Token  Ring  16  Mbps) 
operating  with  various  cabling  solutions  were 
eval'^ted  for  the  setup.  The  goal  was  to  observe  the 
di'  ce  of  reach  attainable  by  changing  the  type 
of  i  .ng  used. 


Figure  3.1  depicts  the  setup  used  for  system  tests. 
The  list  of  hardware  ana  software  used  can  be  found 
in  appendix  C. 
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Tha  PC's  are  connected  to  the  wall  outlet  with  a 
short  length  of  patch  cord  (10  feet).  Fro*  the  wall 
outlet,  the  cable  to  be  tested  is  connected  to  the 
concentrator/access  unit. 

One  PC  was  configured  as  a  file  server.  The  PC's 
were  then  switched  on  and  diagnostic  tests  were 
performed.  An  error-free  communication  with  the  file 
server  was  the  criterium  for  accepting  the  link  as 
valid.  The  length  of  the  cable  was  increased  to  the 
point  where  the  system  was  unable  to  communicate 
correctly.  This  yielded  the  system  reach  values 
shown  in  Table  3.1.  These  can  then  be  compared  on 
a  relative  basis. 


|  SYSTEM 

1 

Token  Ring 
4  Mbps 

Lattisnet 
10  Mbps 

Token  Ring 
16  Mbps 

Cable 

1 

790 

610 

300 

Cable 

2 

1010 

790 

500 

Cable 

3 

1530 

1105 

800 

Cable 

4 

1880 

1340 

1040 

Table  3.1s  System  reach  values  in  feet  between  PC 
and  MAU/Concentrator 

It  is  to  be  noted  that  the  value  obtained  for  the 
token  ring  system  as  measured  is  the  maximum  ring 
length.  The  reach  for  the  Lattisnet  system  is  the 
length  of  the  drop  between  the  concentrator  and  the 
transceiver. 

The  analysis  of  the  attenuation  values  for  different 
cables  yields  results  which  are  consistent  with 
reviously  observed  data  in  terms  of  the  attenuation 
udget  for  the  cabling  system  are  as  follows: 

IBM  Token  Ring  A  Mbps:  12.5  dB 
Lattisnet  10  Mbps:  15.0  dB 
IJM  Token  Ring  16  Mbps:  13.0  d8 

It  was  observed  that  the  improvement  in  transmission 
characteristics  of  unshielded  twisted  pair  cables, 
particularly  the  attenuation,  yields  enhanced  reach 
for  LAN  systems.  This  also  demonstrates  that  it  is 
possible  to  operate  16  Mbps  systems  on  unshielded 
twisted  pair  cables  of  suitable  design. 


■CQNCLUS.I.QM 

Seven  cuble  types  have  been  studied  in  this  paper 
ranging  from  the  traditional  inside  wire  (OIW)  to 
sh:'''-  hie  such  as  the  IBM  type  I  (Table  1). 

T  ,,opment  of  measurement  methods  towards 
ciiar^cterization  of  digital  transmission 
characteristics  was  presented.  Findings  on  analog, 
EMI  and  digital  parameters  considered  for  the  design 
of  an  improved  cable  were  given.  The  results  of 
system  tests  using  these  new  designs  corroborate  that 
test  methods  are  available  for  the  system  performance 
evaluation  of  new  cable  designs. 


Analog  and  digital  characterization  performed  on  the 
cable  types  have  enabled  us  to  pinpoint  the 
parameters  which  must  be  taken  into  account  in  the 
design  of  a  better  cable. 

Attenuation  was  shown  to  be  the  dominant  factor  for 
system  reach.  Significant  improvements  can  be 
realized  through  an  optimal  choice  of  materials. 

The  EMI  tests  showed  that  a  properly  constructed 
unshielded  cable  can  have  excellent  EMI  properties 
and  meet  FCC  limits  as  well  as  outperform  a  shielded 
cable  that  is  not  well  terminated. 

The  optimal  cable  design  choice  to  the  end  user  must 
be  cost  effective  and  provide  ease  of  installation. 
It  is  these  considerations  which  have  brought  the 
standard  practice  to  using  unshielded  24  AUG  twisted 
pairs. 

The  data  presented  here  shows  that  it  Is  possible  to 
push  the  performance  of  unshielded  twisted  pairs 
towards  higher  bit  rates  while  providing  installation 
advantages.  Actual  system  tests  showed  that 
Improvement  of  70  X  at  16  MHz,  30X  at  10  MHz  and  27X 
at  4  MHz  for  reach  are  attainable. 
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ftMLULA 


ANALOG  MEASUREMENT  EQUIPMENT 

1-  Network  Analyzer 

1-  S-Parametor  Test  Set 

2-  Baiuns  (50a  unb/  100a  bal,  50a  unb/  150a 
bal) 

1-  AT  compatible  computer 


DIGITAL  MEASUREMENT  EQUIPMENT 

1-  Frequency  Synthesizer 

1“  Oigital  Transnission  An? ;/zcr 

2-  Ethernet  LAN  simulator  , ‘"house  design) 

2-  Token  Ring  LAN  simulator  (inhouse  design) 
1*  Digital  Oscilloscope 

1-  Differential  Probe 
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mils 

REACH  TEST  MATERIAL 

HARDWARE 

2  -  PC's,  AT's  or  good  compatible 
1  -  Cross-connect  panel 

(Token  Ring) 

2*  Token  ring  adapter  16/4 

1-  Token  ring  Media  Access  Unit 

2-  Media  Filters 

2-  RJ11  Baseboard  jack 

Misc:  Data  connectors,  patch  cords, 

(Lattisnet) 

2*  Ethernet  adapter  card 
1-  Lattisnet  1010  concentrator 

1-  Lattisnet  405  UTP  host 

2-  Lattisnet  505  UTP  transceiver 
2-  RJ11  baseboard  receptacle 
Misc:  patch  cords,  adapter  cables 


SOFTWARE 

Microsoft  DOS  3.3 

(Token  Ring) 

IBM  LAN  program 

IBM  LAN  support  program 

(Lattisnet) 

Novell  Advanced  Netware 
Etherlink  diagnostics 
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Abstract 

Historically,  Indoor  distribution  cables  In 
telephone  exchanges  and  buildings  have  been  PVC 
Insulated.  However,  with  the  Introduction  of  the 
ISDN,  the  use  of  digital  transmission  node  Is 
Increasing  rapidly  as  veil  as  transmission  rates. 
As  a  result  of  this,  conventional  indoor  cables 
present  some  problems  for  digital  transmission, 
such  as:  U)  Impedance  unbalance  between  the 
indoor  and  the  outside  cable  causes  return  losses 
and  pulse  distortions  13)  transmission 
characteristics  change  according  to  room  tempera¬ 
ture;  and  (3)  the  signal  attenuation  increases 
proportionately  to  the  transmission  rate. 

To  reduce  or  eliminate  these  problems,  a  new 
generation  of  indoor  cables  was  developed,  which 
keeps  the  electrical  and  transmission  characteris¬ 
tics  close  to  those  of  the  outside  plant  cables. 
Besides,  these  characteristics  do  not  change  with 
temperature  and  frequency  variations. 


Introduction 

In  the  last  few  years,  there  has  been  a  great 
increase  in  the  utilisation  of  optical  fiber 
cables  in  telecommunications  networks.  Now,  many 
countries  have  a  groat  number  of  optical  crunk 
cables  (exchange  to  exchange),  but  the  distribution 
network  is  nearly  always  built  with  metallic  cables 
and  it  has  resisted  the  introduction  of  optical 
fiber  cables  due  to,  mainly,  economic  reasons. 

Thus,  we  can  foresee  that  in  many  countries  and 
for  a  long  time,  the  distribution  network  will 
continue  being  metallic,  and  crunk  cables  will 
gradually  be  replaced  with  optical  cables.  However, 
investments  in  outside  plants  arc  very  expensive 
and  at  present,  many  now-installed  metallic  cables 
will  only  reach  the  end  of  their  life-time  in  one 
or  two  decades.  This  fact  does  not  allow  the 
substitution  of  all  metallic  cables  with  optical 
cables.  It  is  only  possible  in  the  three  following 
cases: 

(1)  New  installations; 

(2)  Substitution  of  defective  cables  or  cables 
at  the  end  of  their  life-time; 

(3)  Substitution  of  cables  installed  in  high- 
density  telephone  regions,  where  ducts  arc 
full. 

Because  of  this,  metallic  and  optical  cabins 
will  continue  to  coexist  in  the  same  outside  plants 
in  many  places  and  for  a  long  time.  This  coexist¬ 
ence  constituting  a  hybrid  network  and  beyond  any 


doubt,  the  distribution  network  will  continue  with 
metallic  cables. 

Ac  present,  mosc  metallic  outside  plants  are 
made  up  of  both  paper-insulated  and  foam- 
polyethylene  insulated  cables,  while  most  indoor 
cables  (both  on  the  subscriber  side,  and  on  the 
exchange  side)  are  made  up  of  I'VC  insulations. 

Insulation  materials  and  also  the  design  of 
outside  cables  are  different  from  the  materials 
and  designs  often  used  in  indoor  cables.  Consequent 
ly,  the  electrical  and  transmission  characteristic* 
of  both  families  can  be  very  different,  and  the 
cables  do  not  react  to  the  transmitted  signal  the 
same  way. 

Outside  plant  cables  and  also  distribution 
cables  have  a  characteristic  impedance  and 
propagation  velocity  greater  than  PVC-insulatcd 
cables.  This  fact  causea  a  distortion  in  the 
transmitted  signal  from  a  type  of  cable  to  another, 
which  is  known  as  impedance  unbalance.  When  the 
signal  propagates  from  an  indoor  cable  to  an 
outside  cablo,  there  is  a  signal  loss  in  the  joint 
point.  Furthermore,  there  is  also  a  distortion  in 
Che  transmitted  signal  at  this  point.  Throughout 
the  line,  a  distortion  and  a  signal  loss  happen  at 
least  twice  in  the  output  of  the  subscriber  line 
and  in  the  input  of  the  telephone  exchange. 

In  chc  conventional  telephone  transmission  for 
voice  telephony,  this  signal  unbalance  has  little 
importance.  But,  with  Clio  introduction  of  the  ISDN' 
(Integrated  Service  Digital  Network),  moro  services 
are  added  to  Che  network  such  ns:  Data  Transmission, 
Facsimile,  Vidcotcxc  Service,  etc.  In  this  case, 
the  transmitted  signals  arc  not  analogic,  but 
digital,  and  there  is  an  increase  in  the 
transmission  race  and,  consequently,  in  chc  signal 
frequency. 

The  signal  unbalance  and  the  pulse  distortion 
that  occur  in  the  joint  of  indoor  cable  with  the 
outside  cable  in  a  digital  transmission  can  cause 
many  problems.  Digital  pulses  might  be  very 
otennuated  and  very  discortioncd,  and  in  this  case, 
they  will  be  read  by  Chc  signal  listener  as 
transmission  errors.  Then,  all  the  pulse  package 
must  be  retransmitted.  This  reduces  the 
transmission  speed,  and,  consequently,  the  final 
efficiency  of  chc  Digital  Network. 

Another  problem  that  occurs  with  the  PVC- 
insulated  cables  (especially  in  tropical  areas)  is 
Che  variation  of  their  electrical  and  transmission 
characteristics  due  tc  frequency  or  room-tempera- 
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euro  change*.  In  a  PVC-insulaeed  cable,  when  the 
rocs  temperature  rise*,  the  cable  capacitance 
Increaie*  drastically.  Consequently  the  impedance, 
the  attenuation  and  the  propagation  velocity 
become  variable. 

In  an  analogic  signal  transmission,  this  fact 
doe*  not  cause  a  significant  alteration  in  the 
transmission  quality,  but  for  Digital  Pulses  at 
high  frequency,  the  temperature  effect  alters  the 
signal  and  the  transmission  race,  which  worsens 
the  losses  and  distortions  that  occur  in  the  joint 
of  indoor  and  outside  cables. 

To  reduce  or  eliminate  these  problems,  a  New 
Family  of  indoor  cables  was  developed  to  be  used 
in  telephone  exchanges  and  internal  subscriber 
lines.  Tills  new  family  reduces  the  impedance 
unbalance  that  oeeurs  in  the  joint  of  Indoor 
cables  and  outside  cables.  Moreover,  they  have 
very  good  stability  in  their  electrical  and 
transmission  properties  with  temperature  or 
frequency  variations. 

Tills  New  Family  of  cables  was  developed 
according  to  the  following  premises: 

(1)  Kleccrieal  and  transmission  properties  as 
close  as  possible  to  the  common  cables  used  in 
outside  plants. 

(2)  High  flexibility  and  good  mechanical 
strength  assuring  an  easy  and  safe  installation. 

(3)  Elevated  thermal  class  assuring  a  good 
level  of  safety  in  installations  with  high- 
density  wiring. 

(4)  Excellent  flame-retardant  properties  in 
conformity  with  the  01.  and  CSA  standards. 

All  these  objectives  were  reached  through  Cho 
use  of  precise  design  parameters  and  the  develop¬ 
ment  of  a  new  type  of  insulation  material.  This 
material  is  a  modified  polyolefin  uith  properties 
very  similar  to  Che  polyethylene  or  polypropylene. 
This  material  results  from  a  polyolefin  basis  added 


viMi  broainated  alyeyleie  flame  retardant  plus 
a  metal  oxide  to  get  improved  flame  retardant 
properties.  In  this  formulation  is  added  a  proper 
filler  to  increase  certain  properties  of  cho 
insulation  and  so  helping  the  flame-rctardaney. 
Stabiliser,  color  concentrate  and  other  additives 
are  used  to  reach  the  final  required  properties  of 
insulation. 

Insulation  Material 

The  insulation  material  of  the  New  Family  of 
indoor  cables  is  made  with  a  modified  polyolefin, 
which  has  similar  properties  (especially  electri¬ 
cal  properties)  to  chose  of  cho  polyolefins  often 
used  for  insulation  of  outside  plane 
telecommunication  cables.  Resides,  it  is  a  flame- 
retardant  material,  and  consequently,  suitable  to 
internal  use. 

Table  l  presents  the  main  properties  of  this 
insulation  material.  In  this  table,  one  can  see  a 
comparison  with  other  materials  commonly  used  as 
insulation  of  conventional  telecommunication 
cables. 

The  following  advantages  a«e  possible  with  the 
use  of  the  new  material  in  re.ation  with  PVC 
insulations: 

(1)  The  density  of  the  modified  polyolefin  is 
about  252  bellow  the  density  of  the  typical  PVC 
insulation.  This  allows  reduction  in  the  cables 

weight  of  products  made  with  this  new  material. 

(2)  The  volume  resistivity  of  the  new  material 
is  approximately  one  million  tines  superior  to 
the  volume  resistivity  of  conventional  PVC 
insulated  cables.  This  results  in  insulation 
resistances  quite  superior  to  chat  of  PVC- 
insulaccd  cables,  thus  offering  higher  safety  for 
the  user. 

(3)  The  break  elongation  of  the  new  material  is 
also  superior,  which  contributes  to  a  greater 
flexibility  of  the  cables  insulated  with  the  new 


PROPERTIES  OF  INSULATION  MATERIAL 


Properly 

PVC 

Paper 

Polyolefin 

New  Material 

Dielectric  Constant  at  1  MHz 

4-6 

1.7 

2.3 

2.3 

Volume  Resistivity,  Ohm/cm 

10" 

10" 

10" 

10" 

Specilic  Gravity 

1.2 -1.5 

0,73 

0,93 

1,05 

Elongation  at  Break  (Vo) 

200  -  400 

500-700 

700 

Flame  Relardancy 

Yes 

No 

No 

Yes 

TABLE  1 
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modi'.icd  polyolefin. 

< 4)  AC  Use,  the  dielectric  constant  of  the 
new  material  is  half  of  a  typical  l*VC  compound 
used  in  the  insulation  of  indoor  cables.  This 
factor  allows  designing  and  manufacturing  of 
indoor  cables  with  similar  transmission 
properties  to  chose  of  outside-plant  cables, 
because  the  capacitance  is  proportionate  to  the 
dielectric  conscant,  and  the  characteristic 
impedance,  the  attenuation  and  the  propagation 
velocity  are  strongly  dependent  on  the  cable 
capacitance. 

In  addition  to  these  advantages,  the  modified 
polyolefin  has  exceptional  stability  in  relation 
to  the  dielectric  constant  with  variations  of 
temperature  and  measuring  frequency,  which  is  the 
contrary  of  whac  happens  with  PVC- insulated  cables 
(figures  1  and  2).  Therefore,  the  transmission 
characteristics  of  the  cables  insulated  with  the 
new  material  will  not  change  with  variations  of 
room  temperature  and  signal  frequency. 


DIELETRIC  CONSTANT 
VERSUS 
FREQUENCY 


Frequency (kHz) 

FIG.  1 


Design  of  tV.  •  yaaily  of  Cables 

The  conductors  of  this  new  family  of  cables  are 
made  of  fully-annealed  copper,  usually  tinned. 
These  conductors  are  solid  when  the  cable  is  used 
in  telephone  exchanges  or  in  internal  distribution 
of  buildings.  They  may  be  flexible  if  the  cable  is 
used  in  equipment  connections  or  when  the 
installation  requires  high-flexibility  cables. 

The  conductors  are  insulated  with  the  new 
modified  polyolefin,  aa  explained  in  the  last 
topic.  A  suitable  thickness  is  used  to  reach  the 
appropriate  cable  capacitance. 

The  insulated  wires  are  identified  by  using  a 
color  code  or  by  ring-marking  printing.  These 
vires  are  twisted  in  pairs  and  are  concentrically 
cabled  to  form  a  cable  core.  This  core  is  covered 
with  a  non-woven  tape  and  shielded  with  an 
aluminum/polyester  laminated  tape,  spiral  wrapped 
around  the  cable  core.  A  drain  wire  of  tinned 
copper  is  spiral-wrapped  around  the  aluminum/ 
polyester  cape  in  continuous  contact  with  the 
aluminum  for  the  grounding  of  the  cable. 


DIELETRIC  CONSTANT  AT  1MHz 
VERSUS 
TEMPERATURE 


FIG.  2 
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A  jacket  of  tlL-approvcd  flexible  PVC  is 
applied  around  the  core  to  form  the  complete  cable. 

Evidently,  many  cable  conatrucelont  can  be  made 
according  to  the  above  parameters.  Bccausc  of  this, 
only  one  type  of  cable  arrangement  will  be 
analyzed  in  the  following  topics.  This  cable 
arrangement  has  a  conductor  diameter  of  0.S0  m 
and  a  thirty-pairs  core.  This  is  a  very  common 
cable  configuration  in  the  Brazilian  Telephone 
Network,  both  in  the  subscriber  side  and  in  the 
exchange  side.  The  sane  cable  construction,  but 
with  PVC  Insulation,  is  also  analyzed  for 
comparison. 

Main  Features  of  the  New  Family  of  Indoor  Cables 

Table  2  shows  the  main  characteristics  of  the 
different  types  of  cables.  In  this  cable,  we  can 
see  the  following  features  of  the  new  family  of 
cables: 

(1)  The  new  insulation  alter ial  allows 
capacitances  close  to  the  capacitances  of  the 
outside-plant  cables. 

(2)  Therefore,  Che  new  cables  have  transaission 
characteristics  very  similar  to  those  outside- 
plant  cables. 

(3)  The  new  cables  have  superior  insulation 
resistance  and,  therefore,  they  are  safer. 

(4)  The  transaission  properties  of  the  new 
cables  do  not  change  with  ccaperature  and 
frequency. 

Table  3  shows  soao  characteristics  of  Che  new 
family  of  cables  in  comparison  with  the  same  cable 
construction  insulated  with  polyvinyl  chloride. 

The  characteristics  arc  shown  for  cables  with 
diameter  of  0.30  nn  and  a  30-pair  core. 

First  of  all,  we  can  observe  a  10Z  weight 
reduction  in  relation  to  the  conventional  cables. 
This  allous  for  a  decrease  in  the  cable  pull- 
tension  and  easier  handling.  Moreover,  che  cable 
diameter  is  liZ  smaller  than  chat  of  conventional 
cables  which  allows  for  nn  easier  duct 
installation  and  a  higher  number  of  cables  put  in 
a  duct. 


The  insulation  resistance  is  increased  greatly, 
and  the  dielectric  strenghe  between  conductors  or 
between  conductors  and  shield  is  twice  as  much  as 
in  conventional  cables.  These  two  advantages  of 
che  cables  allow  for  a  safer  cable  operation  even 
in  installations  with  a  very  largo  numberof  cables, 
because  the  resistance  to  damages  from  lightning 
and  short-circuit  is  increased. 

The  transmission  characteristics  of  che  new  cables, 
such  as  impedance,  attenuation  and  propagation 
velocity,  have  been  greatly  improved  if  compared 
with  conventional  cables.  This  improvement  allows 
for  a  better  signal  transmission,  with  less 
distortion  of  pulse  and  signal  attenuation. 

Moreover,  these  characteristics  are  very  close  to 
chose  of  che  outside-plant  cables.  This  reduces  or 
even  eliminates  che  impedance  unbalance  chat  occurs 
in  che  joint  of  the  indoor  and  outside-plant 
cables.  With  this,  we  can  have  much  less  digital- 
pulse  distortion  and  much  fewer  signal  losses  in 
this  joint. 

Electrical  Characteristics  in  Relation  to 

Temperature 

Figure  3  shows  the  variation  that  occurs  with 
che  capacitance  of  PVC-insulated  cables  when  che 
temperature  changes.  The  same  figure  shows  the 
excellent  capacitance  stability  of  the  new  cables. 

The  capacitance  of  conventional  cables  ranges 
from  77  nF/ka  at  0  degrees  to  118  nF/kra  at  40 
degrees,  while  the  new  cables  have  a  practically 
stable  capacitance  in  this  temperature  range.  Thus, 
the  new  cables  have  very  stable  transmission 
characteristics  and  their  impedance,  attenuation 
and  propagation  velocity  do  not  vary  in  this 
temperature  range. 

Die  variation  of  che  transmission  characteristics 
of  che  conventional  cables  is  big  problem  in 
tropical  areas  or  in  air-conditioned  buildings, 
where  che  cables  frequently  pass  from  warm  or  cool 
rooms  to  room-temperature  places.  This  can  cause 
variations  in  the  transmitted  signal,  especially 
in  case  of  a  digital  signal  in  high-transmission 
rate. 


COMPARISON  BETWEEN  TYPES  OF  CABLES 


Property 

i 

Paper  Insulated  Polyethylene  Insulated 

PVC  Insulated 

New  Cable 

Capacitance  (nF/km) 

55  i 

54 

100 

54 

Propagation  Speed  (ft) 

77  i 

66 

* 

66 

Insulation  Resistance  (M  n .  km) 

5,000 

15,000 

600 

15,000 

Temperature  Dependency 

1 

No  | 

No 

Yes 

No 

TABLE  2 
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CHARACTERISTICS  OFTHE  NEWCABLE 


I  Conventional  M 

Property  1  Indorr  £ 

Cable 

Conductor  Resistance  !  a7t,  .... 

(n/km)  97,8  87,8 

Insulation  Resistance 
(MU.  km) 

600*  .  15.000 

Dielectric  Strength 
(Volts) 

1.500 

3.000 

Characteristic  Impedance 
(Ohms)  at  1  kHz 

600* 

750 

Attenuation 
(dS/km)  at  1  kHz 

1.9* 

1.4 

Propagation  Speed 
(%) 

4S* 

66 

Mutual  Capacitance 
(nF/km) 

100* 

54 

Cable  Diameter 
(mm) 

13.5 

12.0 

Cable  Weight 

(kl) 

230 

209 

*  Variable  with  temperature  TABLE  3 


Another  characteristic  which  varies  with  Che 
temperature  is  the  insulation  resistance.  For 
conventional  PVC-insulatcd  cables,  the  insulation 
resistance  decreases  very  rapidly  with  temperature 
increases,  as  shown  in  figure  A.  This  fact  may 
cause  low  insulation  between  the  conductors  of 
dies*  cables.  Problems  with  low  insulation  will 
not  occur  with  the  new  cables,  because  the  volume 
resistivity  of  the  new  material  is  very  stable 
with  temperature  changes  and  the  insulation 
resistance  of  the  new  cables  is  pratically 
constant  in  the  room-temperature  range. 

Electrical  Characteristics  in  Relation  of 

Frequency 

In  conventional  PVC-insulated  cables,  the 
mutual  capacitance  decreases  with  tbs  increase  of 
the  transmission  frequency,  as  shown  in  figure  5. 
This  way,  other  characteristics  also  vary.  For 
example,  the  attenuation  of  the  cable  is  greatly 
increased,  as  *'nown  in  figure  6.  This  limits  the 
maximum  frequency  chat  can  be  transmitted  by  the 
cable.  This  fact  is  very  important  in  large 
buildings,  where  distribution  cables  are  very  long 
and,  in  these  cases,  the  transmission  rate  and  the 
signal  quality  can  be  affected  by  the  internal- 
cable  attenuation. 


MUTUAL  CAPACITANCE 
VERSUS 
TEMPERATURE 


FIG.  J 


INSULATION  RESISTANCE 
VERSUS 
TEMPERATURE 


T«np**tift(°C) 


FIG.  4 
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MUTUAL  CAPACITANCE 
VERSUS 
FREQUENCY 


NwCrtk 


50  I _ , - , - 

i  Vo  too  iooo 

F(tq*«y  (Ut) 


FIG.  5 


ATTENUATION 

VERSUS 

FREQUENCY 


i  io  ioo  iooo 


Frequency  (bb) 

FIG.  6 


The  newly-developed  indoor  cable*  show  an 
excellent  mutual-capacitance  stability  in  relation 
to  the  frequency  increase.  Thus,  their  signal 
attenuation  increases  nuch  more  smoothly  than  that 
of  the  conventional  cables.  Thus,  these  cables 
offer  a  signal  transmission  in  mueh  higher 
frequencies  than  the  PVC-insulated  cables.  They 
also  improve  significantly  the  signal  quality  and 
the  transmits ien  rates. 

Safety  and  Fire  Protect  ion 

The  new  cables  have  excellent  fire-retardant 
properties,  because  they  are  used  inside  building^ 
and,  in  this  ease,  superior  safety  is  required. 

The  new  family  of  cables  was  designed  to  comply 
with  L'l.  standards,  especially  the  "Vertical  Place 
Test"  and  the  "Vertical-tray  Place  Test"  specified 
by  Ut.— 1581  (Pigures  7  and  8). 

In  the  forcer,  a  vertically-suspended  saaple  of 
insulation  shall  not  flame  longer  than  60  * 
following  five  IS  s  applications  of  a  standard 
gas  flase.  Also,  the  insulation  burn  shall  not 
ignite  combustible  material  in  its  vicinity. 

In  the  "Vertical-tray  Test"  six  sample*  of 
cable,  with  96-in  length,  are  fastened  in  a 
vertical  steel  ladder  (cable  trey  type).  A 
standard-tost  flase,  supplied  by  neans  of  propane- 
gas  burner  (ribbon  type),  is  applied  to  the  cable 
sanples  for  20  minutes.  After  this  tine,  the 
burner  flase  is  to  be  extinguished  and  the  two 
following  measures  are  recorded: 

(1)  The  tine  that  the  sanples  continue  to  flane 
after  removal  of  burner. 

(2)  The  total  length  of  damage  to  Che  cable  on 
each  sample. 


UL1581 

VERTICAL 

TRAY 

FLAME 

TEST 


UL  VERTICAL  FLAME  TEST 


NperFUj 


International  Wire  &  Cable  Symposium  Proceedings  1989  43 


Tim  new  cables  arc  self  extinguished  In  a  few 
seconds  after  the  removal  of  the  burner  flame  and 
the  length  of  damage  in  the  "Vertical-tray  Test" 

Is  not  greater  than  0.80  sa  for  all  samples. 

Thus,  the  newly-developed  cables  comply, 
integrally,  this  two  flame  tests,  and  others  fire 
tests  that  are  recognised  hy  cable  manufacturers 
and  consumers. 

Conclusion 

The  new  family  of  cables  is  suitable  for 
internal  use  in  telephone-exchang'.  distribution 
networks,  and  in  ceroereial,  residential  or 
industrial  buildings.  And  they  are  manufactured 
with  flexible  conductors,  they  may  be  used  in 
installation  of  telecommunication  or  data 
equipment  offering  the  following  advantages,  if 
compared  to  the  conventional  l'VC-insulated  cables: 

-  Their  transmission  characteristics  are  very 
similar  to  chose  of  the  outside-plant  cables, 
which  avoids  the  impedance  unbalance  between 
Indoor  and  outside-plant  cables,  and,  therefore  it 
also  avoids  signal  losses  and  pulse  distortions  in 
the  joint  uf  these  cables. 

-  Their  transmission  characteristics  do  not 
change  with  the  temperature.  Thus,  they  may  ba 
used  in  tropical  areas  and  in  large  air- 
conditioned  buildings  without  any  variations  in  Che 
transmitted  signal/ 

-  The  new  cables  present  an  excellent 
transmission  stability  with  signal-frequency 
changes,  which  allows  for  the  high-frequency 
attenuations  to  become  much  smaller  chan  chat  of 
Clio  conventional  l’VC-insulated  cables.  This  causes 
higher  transmission  races. 

-  The  insulation  resistance  of  these  new  cables 
is  practically  independent  of  the  temperature 
changes,  which  contributes  for  safer  cable 
operation  and  fewer  damages  to  the  cables. 

-  They  arc  flame  retardant  and  comply  totally 
with  the  UL-standards  for  its  cable  class. 

-  They  have  a  final  cost  equivalent  to  chat  of 
the  conventional  cables. 
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ABSTRACT 

Relationship  between  surface  transfer  Impedance  and 
radiation  from  coaxial  wires  with  longitudinally  folded  metal 
tapes,  braid  and  mctal/poly/mctal  laminated  tapes  Is 
discussed.  Also  presented  Is  a  discussion  of  the  measurement 
of  surface  transfer  Impedance  with  a  Triaxial  Cavity  and 
radiation  leakage  by  the  Absorbing  Clamp  technique.  Effects 
of  flexures  on  the  shielding  effectiveness  are  also  discussed. 

The  effect  of  shielding  on  twisted  pair  wires  is  established  by 
measuring  various  transmission  parameters  of  which  near  end 
crosstalk  (NEXT)  is  of  significant  importance.  Contained 
herein  arc  alto  discussions  on  slgnal-to-noise  ratio  (SNR)  and 
margins  for  various  transmission  impairments  and  their 
effects  in  limiting  the  distances  of  high  speed  transmission. 
The  frequency-distance  guidelines  for  shielded  and 
unshielded  wires  arc  compared. 

INTRODUCTION 

The  present  day  telecommunications  systems  Intended  for  use 
in  large  commercial  buildings,  between  buildings  In  college 
campus  environment  and  central  offices  (C.O.)  include  voice, 
data,  FAX,  computer  and  other  telecommunications 
applications.  For  these  systems  the  distances  with  different 
types  of  transmission  media  may  extend  up  to  10,000  feet, 
cover  approximately  10,000  to  ten  million  square  feet  of 
office  space  and  for  a  population  of  between  100  and  50,000 
individual  users.'11 

At  present  three  different  types  of  telecommunications  media 
arc  commonly  used  for  both  horizontal  and  backbone  (riser) 
wiring  within  commercial  premises  and  also  within  a  centra! 
office  environment.  These  media  are,'1,3' 

(1)  Unshielded  Twitted  Pair 

(2)  Shielded  Twisted  Pair 

(3)  Coaxial 

In  addition  to  the  above,  62.5/125)im  Optical  Fiber  cable  is 
recognized  as  a  suitable  media  for  use  in  the  backbone 
section  of  the  wiring.  This  paper  will  not  cover  the  use  of 
optical  fiber  media. 

For  use  in  electronically  sensitive  locations  up  to  glga-hertz 
range,  coaxial  wires  require  adequate  shielding.  Proper 
shielding  minimizes  the  effects  of  electromagnetic 
Interference  (EMI)  by  containing  radiation  and  by  keeping 
out  external  interference.  For  high  speed  transmission 
through  unshielded  twisted  copper  pairs,  a  trade-off  between 
signal  frequency  and  transmission  distance  has  been 
investigated  by  researchers  including  the  author  of  this  paper. 
A  definite  need  has  been  realized  to  study  shielded  twisted 
copper  pairs  and  estimate  the  effect  of  shielding  o.i  signal 
frequency  versus  transmission  distance. 


This  paper  presents  an  overview  of  the  present  state  of  the 
art  and  the  experimental  results  of  the  surface  transfer 
Impedance  measurement  by  Triaxial  Cavity  Technique,  and 
the  radiation  leakage  measurement  by  Absorbing  Clamp  for 
coaxial  wires.  The  transmission  characteristics  of  shielded 
and  unshielded  twisted  pair  wires  are  measured,  and  from  the 
near  end  crosstalk  (NEXT)  and  attenuation  data,  a 
relationship  between  the  signal  frequency  and  transmitted 
distance  has  been  estimated  and  presented  in  this  paper. 

EXPERIMENTAL  SAMPLES 

Samples  used  for  various  shielding  and/or  transmission 
measurements  are, 

Twlaltd  Pair 

Sample  No.  1  -  25  pair  24  AWG  Shielded  Wire 
Sample  No.  2  -  25  pair  22  AWG  Shielded  Wire 
Sample  No.  3  •  12  pair  22  AWG  Shielded  Pair  Wire 
Sample  No.  4  -  25  pair  24  AWG  Unshielded  Inside  Wire 

Sample  No,  5  •  25  pair  24  AWG  Unshielded  Inside  Wire 

Sample  No.  6  *  25  pair  24  AWG  Unshielded  Inside  Wire 

Sample  No.  7  -  25  pair  24  AWG  Unshielded  Inside  Wire 

Coaxial 

Sample  No.  8  •  RG-6  Coaxial  (laminated  tape  and  corrugated 
aluminum  shield) 

Sample  No.  9  •  RG-6  Coaxial  (laminated  tape  and  braid) 
Sample  No.  10  •  RG-6  Coaxial  (laminated  tape  and  braid) 
Sample  No.  11  >  RG-59  Coaxial  (laminated  tape  and  braid) 
Sample  No.  12  •  RG  Type  Coaxial  (double  braided  shield) 

Construction  and  dimensional  analysis  of  the  twisted  pair 
wires  are  given  in  Table  No.  1.  Of  these,  sample  numbers  1 
and  2  are  covered  with  aluminum  laminated  shield  over  the 
core;  whereas  in  sample  number  3,  all  pairs  are  individually 
shielded  with  braid.  Sample  numbers  4,  5,  6  and  7  have  no 
shield  either  on  Individual  pair  or  over  core.  For  the  coaxial 
sample  numbers  8,  9,  10,  11  and  12,  Table  numbers  2  and  3 
provide  the  pertinent  construction  ar„1  dimensional  data. 
Figure  1 1s  the  actual  photograph  of  the  coaxial  wires  without 
jacket  after  the  flexure  test. 

TEST  METHODS  OF  COAXIAL  WIRES 

Absorbing  Clamp, Ttchnlauc: 

The  Rohde  &  Schwartz  Model  MDS-20  Absorbing  Clamp  is 
used  in  Europe  to  determine  acceptable  radiation  levels  from 
power  cords  of  household  electrical  dnviret  according  to  the 
recommendation  of  the  Comite  International  Special  dcs 
Perturbations  Radioelectriques.'3-4'  In  reference  4,  it  is  also 
suggested  that  the  absorbing  clamp  could  be  used  to  test 
shield  efficiency  of  coaxial  cables. 


46  International  Wire  &  Cable  Symposium  Proceedings  1989 


t«u»  ii  iownvcnoH  am»  mmcmwkai.  wlwi  orrwtma  rm  wine 


Smtk  TOO* 

y#  r*'Awa  Abet*, 

It  Set 

_ ftWX _ MinrljL 

t 

IMS 

0.«i 

yk  rltit  rVC  A.V*ltt»ViW  OmPVC 

: 

1M1 

OCX 

rvc 

AKawwaViW  tktfpNv 

) 

tits 

0«» 

N))**>k*4 

Tuuk4&«r*<  oorn'C 
tvwstm 
»««•<<) 

Nm  o<>7  rvc 

i 

1M4 

o.u: 

rvc 

i 

2M4 

out 

rvc 

Oi»  rvc 

t 

an* 

O.U) 

rvc 

Ncm  Orarve 

i 

ant 

o,w: 

rvc 

,v«m  o<n  rvc 

■  DOOi  r law  O-tl  Dm  Work 


consrawcnoH  analysis  or  coaxial 

(AS  itwittUm  wt  la  Udkr) 


ro-t 

ao-* 

a  o-» 

ao-Jt 

HQ  Tift 
ftfcSit  to  04 

_ Wkti  lull  *t  Wtfit  SiO  Stwflt  VII  S*rc‘t  VlL 

Chm 

C.WI 

<V»w*l 

c. 

c« 

EimM 

IlfMM 

uu 

re 

re 

re 

re 

re 

ViMtf  tt  r>*f t-ut  (14)14 

IU 

?i 

4 

M 

rmOAkU* 

AIT-VAI  A1WAITC  ASWAITH  AWIAmC/TMl  b><-4 

kuMu 

4mMV 

0.0U4  At. 

or) 

Ml 

rat 

rat 

tt»Ui 

W«Ma 

wrtitr)" 

rat 

iii*s 

Sunk  (SJ  - 
jttniif 

Ctnkr  (O 
-!4 

Caimi  (14) 

too 

ICO 

100 

too 

to 

DJltlM 

0.0014 

0.001) 

O.O024 

00024 

OvtiUf 

0.121 

O.U) 

o.tu 

IMIS 

** 

Skwk)  MU  4  «J  A1  Coffrr  IkrMCofvrf  htiOCofftt  IV«l4Cffr*r  IV  tU 

(cem|tu4 
Or*) 

(MU 

Kid 


DU.  U  >ilt 

0.004 

0.004 

0.004 

00014 

Kiktwa  (rj 

a 

1 

4J 

14 

S«M4tCtnkt(H) 

4 

4 

4 

s 

NutWi  tf  Ctnkn  (C) 

14 

14 

14 

24 

Ct*tft|t(14) 

41 

It 

a 

41 

Jkkrt 

ai«irvcK«kr\c 

Kttsrvc 

Kttsrvc 

iwi|t  rvc 

*  Mu'ic  used  In  nuUn|  the  lUtld  Ittnlntit  nil  not  rulyicd 
for  ooafinutloa.  Tht  pluik  miurialt  Indiettcd  Above  woe 
oo  ud  (ton  product  b(  odium. 


FIGURE  1 :  PHOTOGRAPH  OF  CABLE  SHIELD  ARER  FLEXURE 
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The  absorbing  clamp  MDS-20  consists  of  an  oblong  plattlc 
cate  fitieii  with  a  hinged  ltd  to  that  the  cable  io  be  mcaiurcti 
can  be  Inserted.  Filled  inside  ihc  lop  and  boiiom  halves  of 
I  tie  cate  It  a  row  of  spring  tupporied  ferrite  half-rings  which, 
when  Ihc  hinted  cate  It  doted,  form  a  doted  mafncilc 
circuit.  The  two  rings  ncarctl  to  the  test  Item  carry  the 
Secondary  wlndlnft  of  the  current  transformer,  the  output  of 
which  It  connected  by  coaxial  cable  to  the  output  locket  of 
the  device  and  from  there  to  the  output  of  the  receiver. 

A  coaxial  cable  under  test  was  excited  by  a  well  shielded 
sl|oal  generator  providing  a  known  Input  signal  level  and 
was  properly  terminated.  The  ratio  of  the  output  signal  level 
to  the  cable  input  signal  level  provides  a  measure  of 
shielding.  In  the  laboratory  tests,  cable  samples  used  were 
12  feet  (3.7  m)  in  length  and  stretched  out  on  a  wooden  table 
34  inches  (86  emt)  in  height  (Figure  2).  The  Input  signal  was 
set  at  100  mv  after  the  50  fl/75  fl  converter.  Th:  absorbing 
damp  was  moved  from  one  end  of  thj  simple  to  the  other 
and  the  Mghett  signal  level  received  at  the.  ’c't'nctcr  was 
recorded. 
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FIGURE  2:  ROHOE  &  SCHWARTZ  MDS-20  ABSORBING  CLAMP  TEST 
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From  tr<£  dm  taken  with  the  MDS-20  Absorbing  Clamp 
certain  conclusions  can  be  drawn.  From  SO  MHz  to  200 
MHz,  all  samples  have  the  radiation  level  of  10  >tv,  and 
below  (Figure  3).  With  the  exception  of  RG  type  No.  12 
with  double  braid,  all  the  rest  of  the  samples  reached  around 
25  (iv  at  250  MHz,  and  then  dropped  to  around  15  p.v  at  300 
MHz.  Double  braided  sample  No.  12  showed  the  lowest 
overall  mediation  at  only  14  ^v  across  the  frequency  band,  50 
MHz  to  300  MHz.  It  Is  worth  mentioning  that  the  noise  level 
of  the  generator  at  measured  by  the  mlcrovoltmctcr  was  lest 
than  2  microvolts  which  Is  the  minimum  level  the  receiver 
can  measure. 


ru;n\J>ON ICAKAGC VCBSUS f HCOUCHCY  Of  COAXIAL  WlMS  CUflOYINO 
flltOOC  a  SCHWARTZ  MOS* TO  ABSOnitNQ  ClAUf 


Fkxurz.Tat: 

Shielding  efficiency  of  the  coaxial  wire  can  degrade  In  service 
as  a  result  of  flexure.  To  evaluate  the  flexure  characteristics, 
therefore,  the  shielding  efficiency  was  measured  by  the 
Absorbing  Clamp  technique  both  before  and  after  flexure. 
The  area  showing  the  maximum  radiation  was  marked  prior 
to  flexure.  Next,  with  a  circular  mandrel  five  times  the  outer 
diameter  of  the  coaxial  wire  the  sample  was  bent  to  form  a 
semi-circle  as  shown  in  Hgure  4,  at  the  location  of  the  worst 
radiation.  Using  a  motor  driven  Flexure  Test  Equipment 
similar  to  one  used  by  Smith151,  the  sample  was  flexed 
through  10,000  cycles. 

Aftet  flexure,  the  coaxial  samples  were  tested  for  radiation 
leakage.  The  results  presented  In  Figures  5  through  10  show 
that  the  radiation  leakage  Increased  significantly  from  coaxial 
sample  No.  8  and  the  shielding  efficiency  of  the  same  sample 
degraded  by  about  20  dB  at  300  MHz.  Coaxial  sample  Nos. 
9,  10  and  12  by  comparison,  degraded  by  3  dB  to  6  dB  only 
at  the  same  frequency  or  300  MHz.  The  best  performer  in 
the  Flexure  Test  Is  RG-59  sample  No.  11  which  improved  Its 
shielding  efficiency  by  about  10  dB  at  300  MHz. 


After  the  Flexure  Test,  Jacket  of  each  sample  was  removed  to 
examine  the  effect  of  flexing.  At  clearly  teen  In  Figure  1, 
sample  No.  S  showed  multiple  kinks  and  breaks  on  the  outer 
aluminum  tape.  The  braided  samples  did  not  show  any 
noticeable  physical  change  on  the  outer  braid  due  to  flexure. 
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figure  7:  shkiowo  eff  ectivehess  versus  frequency  of  coaxial  wires 

ROHOE  A  SCHWARTZ  MOS-JO  ARSORSINQ  CLAMP  UCHMOUC 
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FIGURE  I;  SHIELDING  EFFECTIVENESS  VERSUS  FREOUENCY  Of  COAXIAL  WIRES 
ROHOE  A  SCHWARTZ  MDS-70  ABSORBING  CLAMP  TECHNIQUE 
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FIGURE  «:  SNKLOMO  EFFECTIVENESS  VERSUS  FREOUENCY  Of  COAXIAL  WIRES 
TTOHOE  A  SCHWARTZ  MOS-Tfl  AASORAMO  CLAMP  HCHSPOUE 
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FIGURE  10 !  SHNllHNO  EFFECTIVENESS  VERSUS  FREOUENCY  Of  COAXIAL  WIRES 
ROHOE  A  SCHWARTZ  MOS-TO  ASSORSMG  CLAMP  TECHNIQUE 


M*ny  papers  hive  been  published  on  «he  jurfxcc  trmtfcr 
Impedance  measurements.  Of  these,  pipers  presented  by 
Simons'”,  OakleyP',  ind  Simons'1'  ire  particularly 
referenced  here.  The  schematic  cross-section  of  Trlixial 
Civlty  and  Test  Set  Up  for  the  present  measurement  are 
shown  in  Figures  11  and  12.  The  coaxial  sample  under  test 
was  terminated  by  a  carbon  resistor  matching  its 
characteristic  impedance.  A  signal  generator  providing  * 
known  input  current  excited  the  sample.  The  Imperfect 
shield,  In  turn,  excited  a  signal  in  the  outer  coaxial  system 
whose  resultant  output  voltage  was  detected  by  a  terminating 
voltmeter.  Tbs  left  end  of  the  outer  shell  was  shorted  by  a 
metal  disc  to  the  cable  shield.  The  magnitude  of  surface 
transfer  impedance,  Z(,  was  calculated  from  the  output 
voltage  V,  input  current  I,  and  sample  length  (,  from  the 
following  expressions.  The  derivation  of  equations  la  and  lb 
is  found  in  Aooendix. 

The  Triaxiai  Cavity  which  was  designed  in  the  laboratory  is 
suitable  for  measurement  on  a  sample  length  of  30  cm  only. 
The  various  samples  measured  in  the  Triaxiai  Cavity  did  not 
exceed  1/3  X  at  300  MHz.  International  Electrotechnical 
Commission  (IEC)  recommends  that  the  cavity  exterior 
system  have  a  maximum  length  of  0.35  X*91  where  Xn;„  is  the 
shortest  wavelength  measured.  Thus  with  the  existing  length 
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of  the  cavity,  measurement  was  limited  to  300  Mil*.  The 
surface  transfer  impedance  (2,)  In  mllll-ohms/metcr  was 
computed  for  vatlous  samples  from  the  measured  data  at  a 
number  of  frequencies,  sec  Figure  13  and  Tabic  4. 
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FIGURE  13 :  SURFACE  TRANSFER  IMPEDANCE  VERSUS  FREQUENCY 
TRIAXtAL  CAVITY  TECHNIQUE 


rtGURE  It:  SCHEMATIC  CAOSS-KCTXX  Of  TAIAXIAI  CAVITY 
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SH'ELDING  RESULTS  OF  COAXIAL  WIRES 

The  Input  voltage  used  to  excite  all  wire  samples  In  both  the 
Triaxial  Cavity  and  the  Absorbing  Clamp  techniques  was  100 
mv.  The  peak  signal  of  roulal  drop  wire  In  one  of  the 
applications  I.e.:  CATV  system  Is  1,26  mv,  so  that  data 
should  be  multiplied  by  0.0126  to  check  compliance  with  the 
radiation  Unite  allowed  fsr  this  system.  In  Table  5  the 
measured  radiation  corrected  for  1.26  mv  signal  level  In  the 
Triaxial  Cavity  shows  that  all  cable  samples  fall  well  below 
the  FCC  limits  of  ridiatlon,IM 

The  above  correction  was  made  by  ustng  the  following  simple 
expression: 


Radiation  ( pv/meter) 

m  Mlcrovoltmctcr  rcadlnr  fnv)  X  1.26fmv) 

Length  of  Triaxial  Cavity  (meter)  X  Excitation  voltage  (mv) 

Microvoltmeter  readlm  fiiv)  X  1,26 
0.3  X  100 

»  0.042  x  mlcrovoltmctcr  reading  ((iv/meter)  (2) 

Surface  transfer  impedance  values  measured  by  the  Triaxial 
Cavity  Method  on  unflexed  samples  as  presented  in  Table  4 
and  Figure  13  up  to  300  MHz,  showed  increasing  values  as 
frequency  increased  with  few  ups  and  downs  in  between. 
Sample  No.  8  with  double  aluminum  tapes  showed  a  high 
value  of  surface  transfer  impedance  at  100  MHz,  meaning 
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high  leokage  at  ihis  frequency.  The  reason  for  (hit  incrcaic 
could  not  be  explained.  Sample  No.  11  also  showed  an 
unusually  higher  rate  of  increase  of  impedance  between  ISO 
MHx  and  300  MHx.  Analysing  the  measured  radiation 
shown  in  Table  5  (after  correction  for  1.26  mv  signal  level), 
sample  No.  11  alto  showed  a  very  high  radiation  leakage  at 
300  MHx.  0.79  tsv/meter  radiation  at  this  frequency  is  more 
than  double  the  value  measured  for  most  of  the  remaining 
samples.  However,  after  the  same  sample  was  flexed  10,000 
timet,  the  shielding  effectiveness  Improved  (Figure  9). 
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With  the  exception  of  sample  Nos.  8  and  12,  all  other  wires 
have  aluminum/poly/aluminum  laminate  as  the  Inner  shield 
and  approximately  60%  coverage  of  copper  wire  braid  at  the 
outer  shield  (Table  2).  Sample  No.  8  hat 
aluminum/poly/aluminum  laminate  at  inner  shield  and 
aluminum  tape  at  outer  shield.  Sample  No.  12  has  90%  and 
81%  coverage  for  both  Inner  and  outer  copper  braid 
respectively. 

Trlaxlal  cavity  method  it  considered  more  reliable  compared 
to  the  Absorbing  Clamp  Technique,  since  the  latter  test  is 
Influenced  both  from  the  external  Ingress  of  radiation 
through  the  shield  of  cable  sample  which  acts  as  an  antenna 
and  alto  due  to  the  variation  In  sample  length. 

Comparing  the  results  of  both  Trlaxlal  Cavity  method  and 
Absorbing  Clamp  technique,  sample  No.  10  appeared  to  have 
provided  the  best  shielding  up  to  300  MHz  possibly  duo  to 
the  existence  of  least  gap  at  the  overlap  of  the  Inner  shield. 
Because  of  the  cracks  on  outer  aluminum  shield  and  the 
formation  of  kinks  on  the  inner  aluminum/poly/aluminum 
laminate,  sample  No,  8  showed  the  worst  shielding 
effectiveness  after  flexure. 

TRANSMISSION  CHARACTERISTICS  OF  SHIELDED 
AND  UNSHIELDED  TWISTED  PAIR  WIRE 

Margin  Consideration 

In  Hore  and  Thuralsamy’s  paper**'1,  it  has  been  shown  that 
Near  End  Crosstalk  (NEXT)  and  loss  characteristics  are 
dominant  factors  for  high  speed  transmission  through  twisted 
copper  pairs.  In  the  same  paper,  various  Impairments  l.e.. 
Inductive  noise,  echo,  Intersymbol  Interference,  impulse 
noise,  etc.  were  discussed  and  their  effects  In  limiting  the 
transmission  distance  were  presented  in  Table  6.  By  applying 
a  quasl.statistical  method,  l.e.,  adding  half  of  the  dB  values 
allotted  to  each  class  of  Impairment  to  the  RMS  combination 
of  the  other  half,  a  margin  of  12.67  dB  can  be  obtained. 
Thus,  based  on  engineering  judgement,  a  margin  of  12  dB  is 
considered  acceptable  for  various  impairments. 

In  digital  transmission  for  a  Bit  Error  Ratio  (BER)  of  one 
error  in  ten  million  (101),  a  signal  having  binary  code 
requires  a  peak  Signal-to-Noise  Ratio  (SNR)  of  14.3  du"11. 
For  engineering  computation  this  margin  for  SNR  may  be 
considered  14.3  dll. 


Table  4|  MASCIN  REQUIREMENTS 


SOURCE 

EXPLANATION 

ALLOCATION 

Cable 

Temperature, 

Agiog.  Mwuf. 
Variation,  W»t*r, 
Seiko* 

3(111 

CO  or  Cuioaaer 
Bldg.  Wirt 

Crouulk,  Low, 
Bridged  Toft, 

No,  to 

3dB 

Noite 

Impelto; 

Swjtchiag, 

Elevated 

Low  Fraquattcy: 

Power  lahwace 
Broadband:  3 

3  dB 

KtccWtr 

Nonlinearity, 
liner,  Uabalaart, 
Manuf.  Variation!, 
Mit'Egvalitalio*, 
Mii-CeacelUlio* 
of  Echo 

3  dB 

Receiver 

Retkhtal 
latertyaabol 
Interference.  Echo 

3  dB 

UakaowM 

Itcuu 

MM  titl'd  tbovt 

3  dB 

MARGIN  -  14  »  14  •  14  •  14  •  14  •  14  •  V'u‘-  14*  *  14*  •  IS«-  14' •  U*  -  It.St 


In  addition  to  the  above  margin,  It  Is  shown  In  Reference  11 
that  a  bridged  tap  could  produce  significant  Increase  in 
attenuation,  'particularlM  at  higher  frequencies.  In  real  world 
situations,  bridged  taps  are  commonly  provided  In  customer 
premises  wiring  as  well  as  In  Central  Office  environments.  It 
may  happen  that  the  bridged  taps  arc  provided  without 
knowing  the  magnitude  of  their  effects.  From  experimental 
measurements  shown  In  Reference  11,  It  was  clearly 
established  that  a  bridged  tap  having  Its  length  the  same  as 
the  quarter  wave  length  of  the  transmitted  signal  produced 
significant  increase  In  attenuation.  At  772  KHz  one  bridged 
tap  was  shown  to  produce  an  increase  of  8.6  dB  average  on 
25  p*Ir/24  gauge  inside  wire.  The  corresponding  Increase 
was  about  10  dB  at  1.6  MHz. 

Considering  all  the  factors,  l.e.,  Impairments,  Slgnal-to-Noisc 
Ratio  and  bridged  taps,  it  Is  appropriate  to  classify  the 
following  three  categories  of  margins: 

(1)  SNR  of  14.S  dB  for  blntry  code  4-  6dB  margin  -  20.5  dB 

(2)  SNR  of  14.5  dB  for  blntry  code  4-  12  dB  margin  »  26.5  dB 

(3)  SNR  of  14.5  dB  for  binary  code  4-  IS  dB  margin  *  32.5  dB 


Mtliurtmfal.flLTrtasmiltlnn  Parameter. 

Samples  of  both  shielded  and  unshielded  inside  wires  from 
different  vendors  were  used  in  our  measurements  to 
characterize  inside  wiring  cables.  The  construction  and 
dimensional  analyses  of  these  wires  are  shown  in  Table  1. 
Mutual  capacitance,  capacitance  unbalance,  characteristic 
Impedance,  attenuation  and  near  end  crosstalk  (NEXT)  were 
measured  and  shown  in  Table  7  using  a  DCM  model  CMS  •  2 
PCX  Computerized  Automatic  Cable  Measuring  System.  The 
measurement  technique  employed  using  the  DCM  test  set  can 
be  found  in  Chattlcr’s  paper"1'. 
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RESULTS  OF  SHIELDED  AND  UNSHIELDED  PAIRS 

It  hat  been  mentioned  earlier  that  both  sample  Nos.  1  and  2 
arc  covered  with  aluminum/inylar  laminate  over  tho  core; 
whereat,  sample  No.  3  hat  copper  braided  shield  over  each 
pair.  Sample  Not.  4,  5,  6  and  II  have  no  shield  at  ull. 
Transmission  measurements  on  these  unshielded  samples 
were  reported  In  Reference  11  and  therefore  the  results  are 
not  Included  In  this  paper.  However,  for  comparison  of 
crosstalk  behavior  of  both  shielded  and  unshielded  wires, 
sample  No.  7  hat  been  chosen.  This  sample  was  found  to 
have  the  worst  power  sum  near  end  crosstalk  behavior  of  all 
the  unshielded  samples.  The  test  results  of  the  sample  It 
therefore  tabulated  along  with  three  shielded  samples  In 
Table  8  for  comparison. 


1%  NEXT  values  for  each  of  the  sample  Nos.  1,  2,  3  and  7 
are  computed  by  three  equations  provided  under  Table  I. 
DCM  test  set  computet  the  average  NEXT  values  In  dB/  kft 
by  using  the  first  equation.  Using  this  value,  total  average 
NEXT  1s  computed  from  the  second  equation  and  finally,  1% 
NEXT  value  from  the  3rd  equation.  One  explanation  may  be 
necessary  for  the  total  average  NEXT  value  which  Is  defined 
at  the  worst  ayerage  crosstalk  coupling  expected  In  a 
measured  unit  of  pairs  for  an  Infinite  length.  1%  NEXT 
values  thus  computed  for  the  measured  frequencies  of  130, 
772,  1600,  3130  and  6300  KHx  for  tamplo  Not.  1,  2,  3  and  7 
show  the  following: 

•  25/22  gauge  shielded  core  (sample  No.  2)  shows  2  to  4  dB 
Improvement  of  1%  NEXT  values  over  the  25/24  gauge 
shielded  core  (sample  No.  1). 

•  12/22  gauge  shielded  pair  wire  (sample  No.  3)  shows  34 
to  38  dB  Improvement  of  196  NEXT  values  over  25/24 
gauge  shielded  core  (sample  No.  1)  in  the  frequency  tinge 
of  772  KHz  to  6,300  KHz. 

•  25/24  gauge  unshielded  core  (sample  No.  7)  shows  the 
similar  196  NEXT  values  at  that  of  25/24  gauge  shielded 
core  (sample  No.  1). 

For  our  measurement  program  sufficient  number  nf  samples 
were  not  available.  However,  the  above  results  may  be 
considered  at  Indicative  of  the  typical  crosstalk  characteristics 
of  the  shielded  and  unshielded  Inside  wires  manufactured  by 
the  Industry. 


Table  It  1*  rS  NEXT  CHARACTERISTICS  Of  SHIELDED  INSIDE  WIRE 
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ll-Hf* 

1  Si  NEXT  (dB)  »  Total  Avg.  NEXT  -  2.3*7 


where, 

■eat  ■  Measured  value  of  NEXT  In  dB 
a  -  Average  attenuation  In  dBItft 

7  »  Average  value  of  23  pairs 

a  “  Standard  Deviation 

t  ■  Length  of  cable 
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DISCUSSION  ON  TRANSMISSION  FREQUENCY  VERSUS  DISTANCE 

Results  of  1^  NEXT  characteristics  for  simple  Nos.  1,  2,  3 
•»d  7  from  Table  I  ire  plotted  In  Figure  14.  These  results 
do  not  tike  Into  consideration  the  effect  of  SNR,  Impairments 
and  bridged  laps,  or  reflection  for  impedance  mismatches  due 
to  gauge  and/or  other  changes. 
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The  NEXT  model  In  Figure  14  can  be  used  to  estimate  the 
relative  trinsmUtcd  distance  at  the  frequencies  of  Interest 
within  the  acceptable  bit  error  ratio  of  101.  In  the  earlier 
discussions,  20.S,  26.5  and  32.5  dB  were  considered  for  three 
appropriate  values  for  SNR  plus  margin.  While  these  SNR 
values  apply  to  the  composite  signal  (ctl  frequencies)  at  a 
point  inside  the  receiver,  we  use  them  here  as  in  reference  It 
to  estimate  relative  transmitted  distance  for  the  signal.  By 
subtracting  SNR  and  margin  from  1%  PS  NEXT  values,  a 
corresponding  set  of  curvci  are  drawn  and  displayed.  Figure 
IS  shows  such  curves  for  shielded  pair.  The  dB  loss  values  of 
these  curves  are  taken  t.'i  the  maximum  attenuation  of  the 
transmitted  signal,  and  converted  to  wire  length  at  the 
frequency  of  Interest.  The  distances  thus  computed  for 
various  frequencies  are  plotted  for  the  three  of  SNR  plus 
margin  values.  Figure  16  refers  to  the  shielded  pair  and 
Figure  17  refers  to  the  shielded  or  unshielded  core. 
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FIGURE  Hi  DISTANCE  VS.  FREQUENCY  FOR  SHIELDED 
AND  UNSHIELDED  CORE 


The  above  set  of  plots  are  guidelines  for  relative  transmission 
range  for  both  shielded  and  unshielded  Inside  wires.  Actual 
distances  for  a  specific  system  depend  on  many  factors, 
including  the  details  of  the  transceiver  technology,  the  other 
impairments  besides  NEXT,  bandwidth,  etc.  The  frequency 
versus  distance  plots  in  figures  16  and  17  are  not  clearly 
related  to  bit  rate  because  any  digital  signal  covers  a  band  of 
frequencies  rather  than  just  one  frequency. 
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FIGURE  IS !  NEXT  MODEL  AMO  SHU  Ft  US  MARGINS  FOR  SHIELDED  FAIR 
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SUMMARY 

The  present  study  on  (Molding  efficiency  of  communications 
wire  and  cable  wat  divided  Into  two  icctioni  •  coaxial  wires 
and  twined  pairs.  For  coaxial  wires  various  shielding 
designs  considered  for  the  study  Included, 

•  alumlnum/poly, 'aluminum  laminate  for  inner  shield  and 
corrugated  aluminum  for  outer  shield, 

•  alumlnum/poty/aiuminum  laminate  for  inner  shield  and 
copper  braid  of  different  coverages  for  outer  shield,  and 

•  double  braided  shield  of  different  coverages. 

The  shielding  effectiveness  of  these  samples  were  measured 
by  using  (1)  Rohde  k  Schwartz  Model  MDS*20  Absorbing 
damp  and  (2)  Triaxiai  Cavity  Method  for  determining  the 
surface  transfer  Impedance.  Both  the  above  methods  were 
used  before  flexure  and  after  on  the  coaxial  samples.  The 
results  show  that  the  sample  with  aluminum/poly/aluminum 
laminated  inner  shield  and  corrugated  aluminum  outer  shield 
(sample  No.  I)  did  not  perform  as  well  as  the  other  samples 
because  of  cracks  on  the  outer  shield  and  kinks  developed  on 
the  inner  shield.  Sample  No,  10  with 
aluminum/poly/aiuminum  laminated  inner  shield  and  60% 
copper  braided  outer  shield  provided  the  best  shielding  up  to 
300  MHz  possibly  due  to  the  existence  of  the  least  gap  at  the 
overlap  of  the  Inner  shield.  This  study  is  not  Intended  to 
recommend  any  particular  shield  design  for  a  desired 
application,  rather  to  suggest  methods  of  determining  the 
shielding  effectiveness  in  the  range  of  frequencies  of  Interest. 


The  shielding  effectiveness  of  twisted  pair  wires  was 
determined  by  measuring  near  end  crosstalk  (NEXT)  loss  of 
various  si.mplcs  of  wire.  These  Included, 

•  unshielded  Inside  wire, 

•  inside  wire  with  shielded  core,  and 

•  inside  wire  with  shielded  pair. 

The  data  clearly  shows  that  Individually  shielded  pair  design 
has  the  best  NEXT  performance  as  compared  with  the  wires 
with  or  without  shielding  over  core.  Depending  on  the  signal 
bandwidth,  the  signal- to-nolse  ratio  may  vary  and  also  the 
effects  of  impairments  on  loss  consideration.  To  transmit 
high  speed  dau  and  other  signals,  determination  of  NEXT 
performance  at  the  frequencies  of  interest,  and  SNR  and 
margin  requirements  arc  of  significant  Importance.  Based  on 
these  data,  relative  transmitted  distances  are  estimated  for  a 
goal  of  one  error  In  101  bits  per  second.  Figures  16'  and  1? 
provide  guidelines  of  the  tradeoff  between  frequency  and 
transmitted  distance  of  the  Inside  wires  with  and  without 
shield.  The  two  sets  of  curves  clearly  show  that  shielded 
pairs  have  distinct  advantage  in  transmitting  much  longer 
distances  over  the  unshielded  palts  of  either  shielded  core  or 
unshielded  core.  For  example,  at  772  kHZ,  the  shielded 
pairs  arc  capable  of  transmitting  between  7.7  kft  and  9.8  kft 
for  the  three  categories  of  SNR  plus  margin  requirements  of 
20.S,  26.5  and  32.S  dB.  The  corresponding  transmitted 
distances  at  772  kffZ  for  unshielded  core  and  shielded  core 
range  between  1.1  kft  and  2.8  kft.  At  other  frequencies  there 
it  also  a  significant  Increase  In  transmitted  distances  using  the 
wires  with  shielded  pairs  over  the  wires  with  or  without 
shielded  core. 


AKEMDIX 

RESPONSE  OF  A  TRIAXIAL  CAVITY  •  DERIVATIONS  OF  EOUATIONS 

Much  Km  bee*  written  oa  derivations  of  aquations  trialing  voltage  Output  from  a  triatrial  cavity  to  the  surface  traiufcr 
impedance  of  the  cable  under  teat  which  fomu  iu  innercoaiial  lytiem*’*. 

figure  M  Uluatratea  schematically  a  transmission  line  of  length  <  with  a  serial  point  source  of  emf  located  U  the  bottom 
conductor.  T.te  line  parameters  are,  aa  shown,  K  and  I”;  line  termination*  at  left  and  right  end*  Me  Z  and  Zi,  respectively. 
Let  the  emf  be  of  unit  voltage  (e  «  I)  and  lu  location  from  the  origin  at  the  left  be  x  *  (.  SchellutwffbS  hat  shown  that  the 
transverse  voltage  at  tome  point  x  >  f  Is 

V(r,  </  -  rot*  I'  f  +  Z,  sin*  If]  [*  sin*  t’(f-n)  +  Z,coi*  l(f-x)]  0-1) 

where, 

D  -  K  [(*>  +  Z,Z|)  sin*  17  +  X(Z,  +  Z,)  co-.S  Tf]  .  0-2) 

If  we  ate  Intrreated  only  in  the  output  voltage  across  2,  at  x  ■  l  we  have  for  V((,  (); 

V  -  V(f,  o  -  ~  [zcot*  rt  +  Z,  sin*  rt] .  <M) 

Suppose  that  along  the  bottom  leg  there  caltu  a  distribution  of  source!  e({);  then  the  output  voltage  V  at  x  »  t  become* 

V"/ie({)V«,«d(.  (M) 

If  the  bottom  leg  Is  the  outer  conductor  of  a  coulit  cable  excited  from  the  left  end  by  input  current  /(0)  and  match-terminated 
at  the  right,  the:  (Figure  14b) 

«(0  -  /(0)  Z,  t~*  ,  (M) 

where  Z,  and  y  arc  the  surface  transfer  Impedance  and  propagition  constant,  respectively.  This  Is  the  condition  which  obtains 
in  the  test  set-up  shown  in  Figue  11  with  Z|  “  0  and  Zj  «  SO  ohms,  With  Z,  ■  0  the  crpreasion  for  D  simplifies  to 

D  -  Jt*  [if  Sin*  Tf  +  Zi  cot*  !’<]  (1-6) 

Insetting  1-3, 1-5,  and  1-6  into  1-4  and  carrying  out  the  integration  there  results: 

V  - - ,m,7  ,  (r-t'Cv  cos*  rz  +  r  sin*  17)  -  y)  (1-7) 

-"*(£) 1,1  ' 
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Sion  the  tube  and  cable  ere  short  it  k  eowvenieat  lo  Ignore  attenuation  In  I'f  and  yf  so  that  F  «  ,/  *»  »«d  v  *  ■/* 

v  - ^Ti - (i rhff  H"  °*  w  “  *.**0  -/■} 

Squint  •*  X* »  “  */*». «  “  *«tt  *»d  solving  (or  7,,  equation  (I)  Is  obtained. 
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TEST  AND  MEASUREMENT  PARAMETERS  IFOR  TELEP1 10NE 
MULTIPAIR  COPPER  CABLES 


Ernesto  Esposito 
TELECO  CAVf  SPA 

Via  Nazionalc  Adriatica  2D  *  Roseto  degli  Abruzzv,  Laly 


SUMMARY 

Following  the  common  tendency  toward 
the  introduction  of  new  telecommunication 
services, the  most  industrialized  countries  arc 
implementing  the  digitalization  of  the;  network. 

In  o.  ' to  cope  with  the  future  request  of 
ISDN  and  high  speed  data  links  (2  Mbit/s)  from 
the  subscribers, high  quality  transmission 
carriers  must  be  available. 

For  that  reason  in  Italy,  besides  the 
implementation  of  a  optical  fibre  network  for 
long  distance  and  trunk  applications.^  famiiiy  of 
multipair  copper  cables  with  improved  high 
frequency  characteristics  in  order  to  meet  the 
SIP  (Italian  Telecommunication  Operating 
Company)  specifications  lias  been  developed  for 
the  subscriber  network. 


1, .INTRODUCTION 

This  paper  describes  the  manufacturin' 
process,  the  main  electrical  parameters  unde, 
measurement  (both  high  and  low  frequency) 
and  the  tests  developed  for  a  new  family  of 
multi-pair  copper  cables  for  the  Italian 
Distribution  Network. 

In  addition  the  results  of  the  above  tests  for 
two  different  cables,  2400  copper  pairs  unfilled 
and  400  pairs  jelly  filled,  both  polycthilcne 
insulated  arc  reported. 

The  acceptance  limits,  the  tolerances  and  the 
high  number  of  parameters  under 
measurement,  insure  high  quality  transmission 
characteristics,  also  for  high  frequency 
applications. 

Moreover,  in  order  to  work  in  compliance 
with  the  Quality  Assurance  Process,  it  is 
possible  to  statistically  control  the  production 
trend  in  term  of  electrical  as  well  as  mechanical 
and  geometrical  parameters. 


2  MANUFACTURING  FROTHS 

The  cross  section  of  a  typical  multipair 
copper  cable  is  shown  in  Fig. I, 

The  cable  is  manufactured  utilizing  a  high 
speed  industrial  process.  This  process  is 
controlled  by  continuously  monitoring  the 
primary  cable  parameters,  R,L,G,C,  where  R  and 
L  are  respectively  the  resistance  and  the 
inductance  of  .the  conductor,  while  C  and  G  are 
respectively  the  capacitance  and  the 
conductance  between  two  conductors  (1). 

The  manufacturing  process  is  summarized  as 
follows: 

a)  The  copper  wire  is  drawn,  annealed  and 
insulated  at  a  very  high  speed  (about  2500 
m/minute); 

b)  The  insulated  wires  arc  twisted  in  pairs; 

c)  The  pairs  arc  combined  together  to  form  the 
10  pairs  units  and  simultaneously  the  100  pairs 
units; 

d)  To  make  the  different  cables  ranging  front 
200  to  2400  pairs  the  100  pair  units  arc 
stranded  together; 

c)  At  last  jelly  (  for  m  filled  solution  only)  and 
different  intcrnal/exterual  protections  arc 
extruded  at  a  speed  of  25m/minute. 

During  this  process  the  following  parameters 
must  be  controlled: 

-  Copper  wire  diameter  and  circularity. 

-  Wirc/insulntor  concentricity. 

-  Faults  number:  she  maximum  acceptance  limit 
is  one  fault  for  150  km  of  insulated  wire. 

-  Control  on  the  geometry  of  the  pair  during  the 

twisting  and  the  stranding  stages  of 

manufacture. 

-  Accuracy  in  the  manufacturing  of  the 

internai/cxternal  cable  protections. 

In  order  to  guarantee  the  final  product 
quality  and  performances  wish  such  a  high 
speed  proccss.it  is  of  fundamental  importance 
to  continuously  monitor  and  control  the  above 
parameters  during  all  the  stages  of 

manufacturing. 
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l-EIXCl'KlCALiLiRAMEIERS 

In  (his  paragraph  are  considered  (he  most 
important  electrical  parameters  for  the 
behaviour  of  the  telephone  network  ,  i.c.  the 
R,L,G,C  characteristics  (1,2). 

The  telephone  line  characteristics  arc  related 
to  the  following  parameters  (I): 

^Capacitance  unbalance  to  ground; 

•Rcsistcnce  unbalance; 

•Capacitance  and  inductance  coupling; 

•Crosstalk  coupling; 

•Variation  ^f  the  impedance  characteristics; 
•Variation  of  the  dielectric  constant. 


Mutual  ..cscacitangg: 

The  mutual  capacitance  for  any  pair  in  the 
frequency  range  between  800  and  1000  Hz 
must  be  lower  than: 


-  non  filled  cables 

mean 

50 

nF/km 

max 

55 

nF/km 

-  filled  cables 

mean 

55 

nF/km 

Unbalance  capacitance: 

max 

60 

nF/km 

The  unbalance  capacitance  measured  (for  a 
500  m  cable  length)  in  the  frequency  range 
between  800  and  1000  Hz,  must  be  lower  than: 


All  the  above  quantities  depend  upon  the 
cable  design  as  well  as  the  manufacturing 
processes. 

To  control  the  R,L,G,C,  characteristics  the 
measurement  of  the  following  electrical 
parameters  are  required  (1): 

-wire  electrical  resistance; 

•pair  resistive  unbalances; 

•pair  mutual  capacitances; 

■pair  capacitive  ground  unbalances; 

•pair  capacitive  unbalances  for  any 
combination; 

•pair  conductance; 

-pair  attenuation; 

•near  end  crosstalk  for  any  pair 
combination  (NEXT); 

•far  end  crosstalk  for  any  pair 
combination  (FEXT); 

•characteristic  impedance; 

•insulating  resistance  for  any  wire; 

•dielectric  rigidity  for  any  pair; 

(In  bold  the  parameters  statistically  measured 
are  shown.) 

3.1  Electrical  Characteristic  Values 

In  order  to  ensure  the  maximum  utilization 
of  the  pairs  inside  the  cable  even  at  high 
frequency, the  following  values  must  be  met: 

Electrical  wire  resistance: 

wire  diamcter(mm)  max  (ohm/km)  mean 

0,4  150,0  144,0 

0,6  66,6  63,9 


•  pair  to  pair 

max  (95%) 

lOOpF 

max 

!50pF 

-  pair  to  ground 

max  (95%) 

700pF 

max 

1200pF 

Dielectric  Rigidity  Test 

Any  pair  must  withstand  for  3  seconds, 
without  any  electrical  discharge,  the  following 
D.C.  values: 

wire  (mm)  DC(kV)  wire  DC(kV)  wires/shicld 

0.4  2.5  6 

0,6  3,5  6 

Jliah -frequency— churacicrijsiics 

The  attenuation  and  impedance  values,  at  20 


degrees  C,  must  be: 

f(kllz) 

Impcdance(ohm) 

Alien. (dB/km) 

0,4  mm 

0,6mm 

0,4  mm 

0,6mm 

0,8 

<1150 

<850 

<2 

<1.5 

80 

<160 

<150 

<12 

<7 

1000 

<140 

<135 

<27 

<19 

In  order  to  determine  NEXT  and  FEXT  mean 
values  distribution,  a  statistical  analysis  (at 
1MHz)  on  the  following  combinations  is 
required: 

Near  end  crosstalk: 

A  among  all  pairs  within  unit  (10  pairs) 

B  among  all  pairs  between  adjacent  units  (10 
pairs) 
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Far  .end -crosstalk; 

C  among  ail  pairs  within  unit 
D  among  alt  pairs  between  adjacent  units 
E  among  all  pairs  between  alternate  units 

The  mean  and  minimum  (98%)  values 
measured  for  any  100  pairs  unit  must  not  be 
less  than  (he  following: 

ABODE 

x(dB)  60  66  63  69  78 

x  98%(dB)  45  50  50  55  62 

These  values  apply  for  500m  cable  length; 
for  different  lengths  it  is  possible  to  calculate 
NEXT  and  FEXT  with  the  following  equation: 

K  (d  13/km)  =  Kq  •  I01ogio(L/Lo) 

where  Kq  is  the  measured  NEXT  value,  L 
=1000m,  Lq  is  cable  length  under  measurament 

4.  STATISTICAL  EVALUATION 

The  effectiveness  of  both  the  design  and  the 
manufacturing  process  is  in  the  final 
measurement  results  on  the  finished  cable. 

A  statistical  analysis  of  (he  resulting  values 
help  in  the  evaluation  of  the  cable 
performances  as  well  as  the  process  quality. 

The  parameters  under  statistical  control  are 
listed  below: 


McasuLgiLEaramcicrs 

Resistance 


Mutual  Capacitance 


Capacitance  Unbalance 


Statistical  Evaluation 

Maximum  Individual 
Average 

Standard  Deviation 
Histogram 

Minimun  Individual 
Maximum  Individual 
Average 

Standard  Deviation 
Histogram 

Min  Ind  Pair  to  Pair 
Max  ind  Pair  to  Ground 
Average 

Standard  Deviation 

Histogram 

RMS 


Attenuation  1MHz  Maximum  Individual 

Average 

Standard  Deviation 

Histogram 

RMS 

FEXT  &  NEXT  Maximum  Individual 

Average 

Standard  Deviation 

Histogram 

RMS 


The  minimum  and  maximum  individual 
values  control  the  range  of  the  particular 
measurement.  The  average  value  takes  under 
control  the  quantity  of  high  and  low  values;  the 
magnitude  of  the  high  and  low  values  is 
controlled  by  the  RMS  value.  The  standard 
deviation,  on  the  other  hand,  controls  the 
magnitude  of  the  variation  around  the  average, 
thereby  controlling  the  dispersion  of  the  data. 
The  desirable  situation  is  to  have  the  smallest 
standard  deviation  possible.  The  histogram  is  a 
means  cf  showing  the  manufacturer  and  the 
user  the  dispersion  of  values  on  a  frequency 
distribution  basis. 

In  Tables  l  and  2  some  typical  results  of  the 
clectricul  measurements  for  two  different 
cables  arc  shown. 

All  the  measurements  described  above  and 
shown  arc  obtained  by  an  integrated  and 
computerized  system  that  performs  all  tests  for 
both  high  and  low  frequency  on  100  pairs  units 
(Fig.2).  A  total  of  26500  measurements  can  be 
performed  in  90  minutes.  In  Figs.  3  to  10  arc 
shown  the  statistical  results  for  attenuation, 
impedance,  NEXT  and  FEXT  at  1MHz. 
Furthermore  the  maximum,  minimum  and 
mean  values  as  well  as  standard  deviation  (S) 
are  indicated. 

5.  CONCLUSIONS 

In  order  to  ensure  the  quality  of  the  network 
in  view  of  the  request  of  new  services  by  the 
subscribers,  a  family  of  multipair  copper  cables 
with  improved  low  and  high  frequency 
performances  has  been  developed. 

These  cables  meet  the  requirements  imposed 
by  the  SIP  Specifications,  in  particular  for 
crosstalk,  attenuation  and  impedance 
performances. 
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FREQUENCY 


Conductor  Resl*.  Mutual  Capacity  Unbalance  C. 
Ohm/Km.  nF/Km  pF/300  mt. 

a  20  *C  *VP  P/T 


Mean 

Max. 

Mean 

•1 

138.53 

1*"  79 

46.63 

06 

138.55 

14*.79 

46.63 

07 

138.53 

142.79 

46.63 

14 

138.55 

142.79 

46.63 

HIGH  FREQUENCY 

CABLE  TYPE  t  TE  2400X2X0. 4  GH3/E 


UNIT 

I  M 

0.8  KHX 
MAX. 

peoai 

Ohm 

80  KHz 
MAX. 

1  C  E 

1000  KHz 
MAX. 

01 

998.20 

144.60 

129.60 

06 

997.50 

143.20 

128.52 

07 

1012.20 

38.52 

127.42 

14 

1008.50 

139.56 

126.52 

ATTENUATION 
dB/Km  a  20  *C 


MAX. 


22.34 

22.36 

22.33 

22.75 


CABLE  TYPE  :  TE  2403X2X0.4  GH3/E 


Far  End  Crosstalk 
dB/Km  a  1  MHz. 

UhiT  Comb.  A  I  Comb.  B 
*/.  IMln.  I  Mean!  ’/.  IMin.lM 


Near  End  Crosstalk  Attenuation 
dB  a  1  MHz. 

Comb.  C  I  Comb.  0  j  Comb.E 


01  1 .4 

06  0.8 


Comb.  B  Comb.  C  |  Comb.  0  j  Comb.E 

'/.  I  Min.  I  Mean  •/.  IMin.lMean!  Y.  IMin.lMeanl  V.  IMin.lMean 


62.3  0.6 


76.3192.7 


07  0.4  42.2  59. 7 j  0.8  42.<’J70.5  1.2  46.5  64.5  0.6  51 .9  77.8 j 0.0 

14  0.6  41.9  60 . 1 | 0 . 6  41.9j70.1  0.8  47.1  64.6  0.6  51 . 8 j 76.9j0.0 J77 . 3|J74 .5| 

1  Low  and  High  frequency  results  for  electrical  measurement  <  2400  cp.  ) 
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CABLE  TYPE  t  TE  400X2X0.4  QTH5/ENE 


HIGH  FREQUENCY 


CABLE  TYPE  i  TE  400X2X0.4  0TH3/ENE 


P  E  D  A  N 

C  E 

ATT! 

3X9SE 

r  I  0  N 

Ohm 

dB/1 

Cm  a  20 

»C 

80  KHz 

1000  KHz 

0.B  KHz 

00  KHz 

1000  KHz 

MAX. 

MAX. 

MAX. 

MAX. 

MAX. 

136.60 

103.70 

1  .64 

9.05 

21.92 

135.90 

103.60 

1  .83 

9.07 

21.86 

136.30 

1 15.30 

1.84 

9.06 

22.01 

136.20 

106.20 

1 .64 

9.0B 

23.57 

CABLE  TYPE  :  TE  400X2X0.4  QTH5/ENE 


Near  End  crosstalk  Attenuation 
dB  a  1  MHz. 


Comb.  C 


Comb.  D 


Comb . E 


Mean!  */.  |Min.|Mean|  V.  IMin.|Mean|  V.  |Min.lMean 


01  0.2  41.6  62. 2  0.1  AS.  3  71.9  0.6  48.2  64.1  0.2  46. 5 
32  0.2  41.6  61.3  0.2  45.1  71.5  0.3  49.3  65.2  0.2  46.6 
03  0.1  41. S  61.2  0.2  45.2  71.2  0.3  49.2  65.3  0.1  47.6 
04  0.2  3B.1  60.4  0.2  45.5  72.1  0.2  46.6  64.0  0.2147.3 


3  1 

Jr  ! 

93.4 

77.2 

92.9 

76.8 

91 .5 

77.2 

92.5 
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DEVELOPMENTS  AND  EXPERIENCE  IK  THE  INSTALLATION  OF  THE 
PEXTH  TO  ADELAIDE  OPTICAL  FIBRE  ROUTE 


P  llulbotc,  M  HcKlterick,  R  Schuater 


Telecom  Australia  -  Melbourne,  Australia 


ABSTRACT 

This  paper  describes  the  installation  of  a  2000 
km  cable  route  from  Perth  to  Adelaide  across 
some  of  the  most  isolated  and  difficult  terrain 
in  Australia.  Most  of  the  cable  was  installed 
by  direct  burial  using  Telecom  developed 
techniques,  although  to  help  overcome 
approximately  200  km  of  unrlppnblc  rock,  it  was 
necessary  tc  develop  alternative  rock  sawing 
equipment.  Unseasonal  weather  conditions  were 
another  challenge  for  what  proved  to  be  a  highly 
successful  project. 

INTKODUCTION/BACKGROUND. 

A  high  capacity  broadband  bearer  was  required  to 
upgrade  the  existing  radio  bearer  between  Perth 
and  Adelaide  and  to  provide  for  growth  for 
television  bearers,  telephony  and  other  digital 
traffic.  Capacity  requirements,  cost, 
maintenance  and  reliability  considerations  led 
Telecom  Australia  to  choose  n  single  mode 
optical  fibre  cable  solution.  Direct  burled 
optical  fibre  noble  presented  challenges  during 
installation,  which  ore  described  in  this  paper, 
but  it  was  considered  chat  this  would  provide 
Che  most  reliable  solution  In  the  long  term. 
Since  reliability  and  availability  arc  prime 
considerations  of  Telecom's  major  customers,  the 
route  selected  lias  the  added  advantage  of  being 
physically  diverse  from  the  existing  radio 
route  and  from  the  planned  second  cable 
route.  Figure  1  shows  the  planned  cable  route 
and  the  exlsclng  radio  route. 

Cable  Design.  The  cable  design  was  based  on  tlie 
standard  configurations  used  by  Telecom 
Australia  to  Install  over  14,000  km  of  the 
interexuhango  network.  The  main  features  of  the 
design  are  light  weight,  non  metallic  and  small 
size.  Both  slotted  core  and  loose  tube  cables 
were  installed  on  this  project  with  all  cables 
filled  to  prevent  water  ingress,  and  a  nylon 
jacket  for  insect  protection  for  plough  cables 
and  lower  hauling  friction  for  duct  hauled 
cables  was  included. 

The  small  diameter  and  low  weight  of  these 
cables  has  enabled  up  to  20  km  lengths  to  be 
successfully  Installed  on  this  route.  Table  1 
gives  the  range  of  physical  and  optical 


i  now 

I  KKIMI 

Figure  1  Perth  -  Adelaide  Transmission  Routes. 

characteristics  for  cable  supplied  to  this 
project. 

It  is  Telecom  Australia's  experience  that, 
provided  the  route  is  prepared  properly,  the 
selected  strength  and  crush  characteristics  allow 
a  very  economic  cable  design  and  total  cost 
effective  solution  for  the  installed  cable. 

Figure  2  shows  the  basic  cross  sectional  features 
of  the  cables. 

System  Design.  Based  on  estimated  statistics  of 
the  power  budget  parameters  involved  (Ref  1) 
Telecom  Australia  has  developed  a  design 
regenerator  spacing  of  50  km  for  565  Mbit/s 
systems  at  1310  na  and  this  allows  for  a  possible 
upgrade  to  2.55  C  bit/s  systems  at  1550  nm.  A 
total  of  14  fibres  were  included  in  the  design 
with  two  of  these  provided  exclusively  for  the 
Australian  National  Railways  for  a  train  control 
and  communication  system  (also  supplied  by 
Telecom  Australia). 
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A  total  of  SO  regenerators  and  3  line  terminal 
atatlona  vote  required  typically  at  spacing*  of 
SO  km  and  feature  a  1  +  N  protection  system. 

The  equipacnt  la  accoaaodated  in  underground 
chaabcrs  which  control  the  local  environment 
without  the  need  for  active  air  conditioning. 
The  transmission  equipacnt  uses  relatively  low 
coat  and  ailntenance  free  solar  power  provided 
by  ground  mounted  arrays  at  31  of  the 
regenerator  sites  where  main?  power  is  not 
available. 


CHARACTERISTICS 

QUANTITY 

ORt  fiHt  AVTtWMtXW  AT  1WO  am 
tSJO 

0.1»  -  e.W  it/Km 

0.31  -  0.30  <0 /Km 

CAKt  OVlJiOt  PUMftU 

11  -  M  mm 

OKC  MiCHT 

00  -  HO  X«Arn 

K*0  WWW  A)  HO  tOAO  -  flOOCM 

-  DUCT 

ISO  mm 

12S  mm 

»)  n>U  LOAD  -  flOOOH 

>00  mm 

-  CCCT 

4$0  mm 

enrol  KilSTAMCC  (  9WUM0  IMSTAUATIOM  ) 

JJkH/bi 

(  WHILST  IN1TAUI0  ) 

IjKH/m 

RATIO  TCKSILC  SIACMCTH  TOR  A)  HOOCH 

S00  N 

•)  OOCT 

MOO  N 

TABLE  1. 

RCRTH  TO  AOEUIDE.  SINGLE  UOOE  OPTICAL  NIRC  CAFIE 
RKTOCAL  AMO  OPTICAL  CMAAACTtAISTICJ 


ROUTE  CHARACTERISTICS 

Route  Selection  -  The  route  selection  analysis 
was  based  on  maintenance  and  economic 
considerations  and  resulted  In  the  14  fibre 
single  mode  optical  cable  being  laid  in  the 
Railway  Reserve  for  the  majority  of  the  route. 
Additional  factors  arc  that  it  provides  a 
physically  diverse  route  from  the  existing  high 
capacity  digital  radio  route  and  the  drop-offs 
required  by  the  Australian  Motional  Railways  for 
a  train  control  and  comnunication  system  could 
be  readily  included. 

Route  Survey  -  The  final  route  selected 
travelling  east  out  of  Perth  traverses  through 
State  Forest  in  hilly  country,  then  through 
farming  country  and  along  minor  roads  for  about 
250  km.  The  route  then  uses  the  Energy 
Commission's  power  lino  easement  to  Kalgoorlic 
and  from  there,  east  along  the  Australian 
national  railway  reserve  to  Port  Augusta.  At 
Port  Augusta,  the  route  travels  south  through 
private  property  and  along  roadway  easements  to 
Adelaide.  Wherever  possible,  towns  and  built  up 
areas  were  bypassed. 

The  State  forest  east  of  Perth  suffers  from 


Dlcback  disease  which  Is  a  fungus  that  attacks 
the  roots  of  Eucalyptus  trees.  Special 
precautions  had  to  bo  taken  to  prevent  the  spread 
of  this  fungus  on  the  wheels  and  tracks  of 
vehicles.  Precautions  included  waiting  for  dry 
weather  windows  and  regular  disinfecting  of 
tractor  cracks  and  car  wheels. 

Sand  hills,  extending  east  of  tho  Hullarbor  plain 
are  reasonably  stable  but  are  held  by  a  light 
covering  of  desert  flora  which  la  easily 
disturbed.  A  great  deal  of  caro  was  required  In 
route  selection,  preparation  and  cable 
installation  and  route  ro-lnscatcmont  to  prevent 
erosion* 

The  Kullarbor  plain,  extending  700  km  cast  of 
Rawllnnn,  consists  of  a  desert  landscape  with 
very  hard  limestone  rock  that  rises  to  the 
surface  in  waves  making  about  202  of  this  section 
un-rippablo  (approx  200  km). 


SLOTTED  CONE  DESIGN 


LOOSE  TUBE  DESIGN 

f  16.  2  CABLE  DESIGNS 


INSTALLATION  METHODS 

The  cable  was  i 'stalled  by  directly  ploughing  it 
into  a  prepared  ..ip  line  or  in  the  case  of 
roeksawing,  a  trench,  using  a  crawer  tractor  with 
suitable  modifications  for  essentially  zero 
tension  installation  (ref  2).  This  is  the 
installation  technique  used  extensively  by 
Telecom  Australia  using  light  weight,  low  tensile 
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strength  (500  N)  non  Metallic  cable*.  Xn  built 
up  areas,  the  cable  design  calls  (or  a  minimum 
tensile  strength  of  120011  and  the  cable  is 
hauled  into  conduits  or  polyethylene  subduct* 
using  tension  controlled  winches. With  the 
appropriate  level  o(  route  preparation,  the 
cable  is  readily  installed  with  the  on-drum 
cable  characteristics  unchanged. 

Route  Preparation  Options.  It  was  the  route 
preparation  phase  of  this  project  that  presented 
the  Major  challenge  to  installation  and  support 
staff.  In  "normal"  conditions  the  ground  is 
prepared  by  ripping,  perhaps  by  a  nuaber  of 
passes,  and  then  the  cabie  is  directly  burled 
using  the  tractor  described  in  references  1  and 
k. 

Across  the  Kullarbor  Plain,  because  of  the 
quantity  of  rock  and  the  need  to  adopt  the  Most 
cost  effective  solution  Telecom  Australia  was 
forced  to  very  closely  examine  the  three  route 
preparation  options,  ripping,  blasting  and  rock 
sawing.  Kipping  is  the  Most  cost  effective  and 
the  fastest  Method,  however,  in  rocky  terrain 
reinstatement  can  prove  expensive  because  of  the 
large  boulders  dragged  up  by  the  proccs-. 
Furthermore,  approximately  200  km  of  the  route, 
on  the  Kullarbor  plain,  proved  to  be  un-rippnble 
even  with  a  100  tonne  ripping  tractor. 

Drilling  and  blasting  is  a  proven  and  viable 
alternative  In  hard  rocky  areas.  It  Is  not  tbe 
preferred  method  because  It  Is  expensive  and 
does  not  generate  "fines*'  in  the  bottom  of  the 
trench  for  subsequent  cable  Installation.  Top 
soil  must  be  bladcd  over  the  trench  which  muse 
then  be  proof  ripped  before  Installation.  On 
the  Kullarbor  Plain,  the  top  soil  is  very  thin 
and  In  some  cases,  soli  would  have  to  be  carted 
for  some  distance.  Even  with  these  limitations, 
blasting  was  used  on  the  Kullarbor  plain. 
Rockmwlng  appeared  to  be  Che  preferable 
alternative  to  blasting  because  fine  soil  is 
generated  in  the  trench  bed  and  there  are  no 
restoration  problems.  Telecom  Australia  had  not 
had  a  great  deal  of  experience  with  rocksaws. 
After  testing  and  purchasing  o  number  of 
machines  for  work  on  the  Kullarbor  Plain,  there 
was  concern  over  the  ability  of  commercially 
available  rocksaws  to  penetrate  the  hard  rock. 

It  was  therefore  considered  advantageous  to 
develop  and  trial  a  local  machine. 


Rocicsav  Comparison. 


Conventional  rock  cutting  machines  are  dedicated 
to  the  task  of  cutting  rock  by  typically 
rotating  a  chain  or  a  wheel  fitted  with  tungsten 
carbide  teeth  at  high  speed  (approx.  4.5  m/s). 
Any  rock  encountered  will  then  be  pulverised 
into  fine  particles.  This  results  in  a 
substantial  amount  of  friction  between  the  teeth 
and  the  rock  face  which  generates  heat  and  may 
lead  to  early  failure  of  the  teeth.  Tills 
conventional  rock  excavation  leaves  a  trench  of 
rectangular  transverse  cross  section  which 
requires  a  significant  amount  of  energy  to  form 


the  corners  (as  the  rock  adjacent  to  the  corners 
is  more  difficult  to  remove).  Those  teeth  placed 
furthest  from  the  chain  (or  wheel)  centre  line 
are  placed  under  considerable  strain  which 
results  In  high  wear  rates  and  breakages.  Also, 
conventionally  mounted  rock  cutting  teeth  wear 
rapidly  in  hard  rock  because  they  are  mounted 
with  a  negative  rake  angle  with  respect  to  the 
rock  face  (see  flguvj  3  ) 


.NEGATIVE  RAKE  ANGIE  INCREASES  «*(>«•) 

•  POSITIVE  RAKE  ANGIE  DECREASES  «.•{<«•) 

•  POSITIVE  RAKE  M  COMBINATION  WITH 
THE  ROTATION  Of  THE  TOOTH  HAS  A 
SHARPENING  EFFECT  ON  THE  TOOTH 
TIP. 


ROCK  CUTTING  TEETH  WITH 


The  Telecom  designed  machine  (sec  figure  4) 
consists  of  a  cutting  chain  mounted  on  the  rear 
of  a  crawler  tractor  with  the  blade  facilities 
retained  for  versatility.  The  principle  of 
operation  is  to  chisel  the  rock  Into  fragments 
rather  than  pulverising  it  into  a  powder  and  is 
achieved  by  using  a  slower  chain  speed  (1.4  m/s) 
with  a  correspondingly  higher  torque.  Fewer 
teeth  arc  fitted  to  the  chain,  resulting  in  much 
higher  tooth  loads  which  induce  shear  strains 
behind  the  exposed  surface  of  the  rock, 
dislodging  it  in  small  fragments.  The  teeth  are 
arranged  so  that  they  cut  a  curved  cross  section, 
with  the  teeth  grouped  closer  together  st  the 
edge  of  the  chuin  where  the  loading  is  highest. 
The  teeth  are  oriented  on  the  chain  such  that 
they  have  a  positive  rake  angle  with  respect  to 
the  rock  face. 
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FIELD  TRIALS. 

To  confirm  the  suitability  of  Telecom 
Australia's  standard  cable  designs  In  thla  type 
of  environment,  three  field  trials  were 
undertaken. 

Ripping. 

Concern  existed  oyer  the  placement  of  cables  In 
rocky  areas  that  had  been  prepared  by  standard 
ripping  techniques.  The  limestone  rock  on  the 
Nullarbor  was  rlppnblc  In  aome  places,  however, 
due  to  the  large  amount  of  rock  present  In  some 
localised  areas  It  generated  fragments  of  rock 
with  the  potential  to  cause  cable  bending 
problems  and  possibly  sharp  enough  to  penetrate 
the  non-metalllc  cable.  If  sufficient  “fines” 
are  generated  at  the  bottom  of  the  trench  then 
the  cable  will  be  protected  from  this  type  of 
damage.  A  field  trial  was  conducted  at  Rawllna 
on  the  Nullarbor  Plain,  which  was  considered  to 
be  typical  of  the  worst  terrain  but  was  still 
rlppable.  The  trial  consisted  of  ploughing  a 
length  of  standard  cable  to  a  depth  of  COO  mm  In 
a  trench  prepared  by  ripping  to  a  depth  of  750 
mm.  After  the  ploughing  operation,  the  trench 
was  reinstated  by  blading  surrounding  rock 
fragments  over  the  trench  and  compacting  the 
mound  using  the  tracks  of  the  tractor  weighing 
approximately  60  tonnes. 

The  cable  was  tested  Immediately  after  ploughing 
ar.d  again  after  the  reinstatement  operation 
using  an  OTDR  and  no  change  in  characteristics 
was  confirmed.  The  cable  was  also  tested  six 
months  later  end  it  was  confirmed  that  no 
changes  had  occurred  due  to  natural 
subsldence/compaction.  The  trial  demonstrated 
that,  even  though  it  was  not  apparent, 
sufficient  “fines"  were  generated  by  the  ripping 
operation  to  adequately  bed  the  cable  and 
protect  It  from  large  and  sharp  rock  fragnents. 

Blasting. 

Drilling  and  blasting,  although  proven  and 
reliable,  is  the  most  expensive  option,  and 
since  it  does  not  produce  sufficient  'fines'  In 
the  bottom  of  the  trench,  it  is  the  least 
preferred  option. 


Trialling  on  the  Nullarbor  could  not  be  arranged 
to  confirm  the  suitability  of  Telecom's  standard 
cable  design.  Therefore  the  installation  of  a 
120  km  of  fibre  cable  In  mid  Western  Australia  in 
a  rocky  area,  which  was  considered  to  be  at  least 
a*  severe  as  the  Nullarbor,  was  closely 
monitored.  In  aome  areas  the  rock  was  so 
extensive  thAt  aut table  top  soli  had  to  be 
brought  to  the  site  and  then  proof  ripped  before 
the  cable  could  be  installed. 

After  acceptance  testing  of  the  cable  no  faults 
due  to  cable  palacemenc  were  found.  Tills  cable 
has  since  been  In  operation  for  approximately  two 
years  and  confirmed  that  provided  adequate 
precautions  are  taken  with  trench  preparation, 
the  standard  cable  design  Is  suitable. 

Recksawtng. 

In  the  un-rlppable  areas,  the  Nullarbor  limestone 
rock  lias  a  compressive  strength  ranging  from  200 
to  300  MPa  and  a  laboratory  selsnlc  velocity  of 
approximately  6000  m/s.  Concern  existed  thst 
rock  of  this  hardness  would  present  productivity 
and  potentially  cable  reliability  problems  in  the 
harsh  conditions.  A  field  trial  wan  established 
to  evaluate  the  production  capability  and 
maintenance  requirements  of  a  Telecom  designed 
saw  and  a  commercial  unit. 

The  evaluation  procedure  for  the  trial  was  to 
have  a  ripping  tractor  make  one  or  two  passes  at 
the  required  depth  without  cross  ripping.  The 
rocksaws  were  then  required  to  saw  the  length  of 
the  trench  that  were  not  able  to  be  ripped  to 
depth.  The  trial  was  carried  out  at  Cook  (point 
3  on  figure  1)  on  the  Nullarbor  Plain  with  one 
machine  working  westward  and  the  other  eastward. 

The  Initial,  results  of  the  trial  confirmed 
expectations  that  the  locally  designed  rocksaw 
performed  well  In  comparison  with  the  commercial 
model  In  this  type  of  rock.  The  length  of  the 
trench  cut  was  greater,  the  number  of  teeth  used 
was  leas  and  the  amount  of  fuel  used  was  also 
less.  On  the  basis  of  this  trial  It  was  decided 
to  proceed  with  construction  of  several  more 
rocksaw  units.  It  was  also  decided  to  continue 
with  the  commercial  model  since  in  both  cases, 
the  trenching  rste  was  low  due  to  the  hardness  of 
the  rock  and  all  available  m  ,hlnes  would  be 
needed  to  meet  targets.  Another  consideration 
was  long  term  reliability  which  could  not  be 
assessed  in  a  limited  trial.  The  local  machine 
was  still  an  unproven  quantity. 

CABLE  INSTALLATION  PERFORMANCE  AND  TEST  RESULTS 

The  construction  phase  of  the  project  began  in 
June  1987  and  was  completed  In  August  1989  using 
on  average  of  approximately  60  field  personnel. 
Cable  was  supplied  to  the  project  in  lengths  up 
to  20  km  and  plough  rates  varied  from  5  ka/day  up 
to  20  km/day. 

Productivity  was  hampered  significantly  in 
December  1988  when  rainfall  reached  seven  times 
the  monthly  average  making  access  impossible. 
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Figure  4  shews  the  typical  distribution  of 
regecarctor  section  insertion  loss,  normalised 
back  to  a.  lots  coefficient  per  k a.  These 
results  ore  considered  excellent  given  the 
difficulty  of  the  route  preparation  phase. 
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2.  Cable  Designs  and  Installation  Technique  for 
Direct  Buried  Non-Mctallic  Optical  Cables  -  B  T 
do  Boer,  R  W  A  Ayre,  R  B  Schuster,  34  th 
International  Wire  and  Cable  Symposium,  Cherry 
Hill,  New  Jersey  November  1983. 
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A  very  light  weight,  relatively  low  strength 
cable  design  has  been  succcsfully  installed  and 
coaalssioncd  in  harsh  conditions  by  applying 
properly  engineered  installation  practices. 

Experience  gained  on  the  current  project  is 
being  applied  to  the  design  and  construction  of 
more  robust  rocksaws  of  both  the  local  type  and 
the  conoercially  available  machine*.  These 
units  will  be  used  on  n  physically  diverse  cable 
route  which  is  planned  to  follow  the  coast  road 
where  more  limestone  rock  will  be  negotiated. 

The  expectation  is  that  while  the  <'ondltions 
will  be  more  difficult,  the  installation  will 
proceed  at  n  higher  productivity  rate  than 
achieved  on  this  project. 
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ABSTRACT 

ABF  cabling  system  is  a  new  optical  fiber 
cabling  system  that  has  special  merits  and 
applications.  Recent  reports  of  optical  fiber 
unit  for  this  system,  however,  showed  attenuation 
increi’.t  under  0°C,  and  the  further  attenuation 
Increase  at  low  temperature  after  heat  aging.  We 
have  investigated  design  of  the  unit,  and 
clarified  that  the  extrusion  stress  of  skin  layer 
is  one  of  the  important  factor  of  the  behavior  of 
transmission  prcperties.  Skin  layer  material  of 
small  melt  indox,  has  been  chosen  and  has  shown 
good  transmission  properties  in  wide  temperature 
range.  Some  variations  of  unit  Including  easy 
stripable  type  and  fiber  ribbon  unit  type,  have 
also  been  developed  and  shown  good  transmission 
properties  and  good  blowing  properties. 


1.  INTRODUCTION 

A  new  optical  cable  installing  system, 
called  Air  Blown  Fiber  cabling  system,  has  been 
proposed  by  British  Telecom  Research  Laboratories 
in  1983  [1].  They  have  also  reported  the  design 
of  optical  fiber  unit  of  7  fibers,  and 
temperature  performance  of  multi-mode  fiber  unit 
as  the  change  of  attenuation  was  less  than 
0,2dB/km  between  -10SC  and+AO°C  [2). 

We  have  been  trying  to  modify  this  cabling 
system  to  meet  Japanese  applications.  in  Japan, 
optical  fiber  cables  are  Installed  not  only  as 
under-ground  cables  but  as  aerial  ones  or  as 
special  combined  ones.  Therefore  we  had  to 
develop  the  cable's  design  with  high  performance 
of  attenuation  in  more  wide  temperature  range, 
from  -40°C  to  80°C.  On  the  other  hand,  many 
types  of  optical  fiber  units  such  as  optical 


FIGURE  1  CONSTRUCTION  OF  ABF  CABLING  SYSTEM 
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fiber  ribbons  of  different  number  of  fibers,  are 
used  In  Japan.  We  have  strong  requirement  to 
keep  a  rich  assortment  of  unit  variations. 

In  this  paper,  wt  report  7-fiber  unit  design 
with  good  transmission  properties  between  -40  *C 
and  80  °C,  and  new  variations  of  optical  fiber 
units. 


2.  Construction  of  ABF  System 

Construction  of  ABF  system  Is  shown  in 
Figure  1.  Optical  fibers  are  packaged  as  optical 
fiber  units  with  expanded  polyethelene  coating. 
Optical  fiber  unit  Is  payed  of  from  a  supply  reel 
into  a  pre-installed  tube  cable  by  blowing  head. 
Drag  force  cf  compressed  air  supplied  at  the 
head,  blows  the  unit  through  the  tube,  this 
procedure  has  some  special  merits  caused  by  the 
process,  as  follows: 

1.  After  installing  of  tube  cables,  optical 
fiber  units  can  be  Installed,  only  after 
optical  network  will  be  required.  Therefore 
the  first  Investiment  can  be  minimized. 

2.  With  jointing  tubes  of  pre-installed  cables, 
branching  or  connecting  are  easily  done 
without  optical  fiber  splicing.  Therefore 
splicing  points  at  every  junction  are  not 
required,  so  that  Installing  cost  is  reduced 
and  cable  reliability  is  increased. 

3.  By  this  procedure,  drawing  out  is  easily 
done  as  blowing  into  a  tube  cable. 
Therefore,  with  changing  tube  junctions  and 
unit  types,  enlargement  or  alternation  of 
the  fiber  networks  are  suported. 

4.  Installing  stress  are  distributed  all  the 
length,  because  drag  force  by  fluid  is 
generated  on  the  all  surface  of  the  units. 

For  the  merits  ABF  cabling  system  is  mainly 
used  for  applications  of  local  area  networks  or 
combined  cables  with  metal  cables. 


3.  HEW  DESIGN  OF  7-F10ER  UNIT 

1)  ATTENUATION  INCREASE  OF  CONVENTIONAL  UNIT  AT 
LOW  TEMPERATURE 

The  optical  fiber  unit  of  ABF  cabling 
system,  has  large  cross  section  of  polyethylene 
foam  layer  and  skin  layer  as  shown  in  Figure  2. 
This  foam  layer  performs  enlargement  of  its 
surface  for  Improved  blowing  properties.  The 
skin  layer  is  coated  to  package  optical  fibers 
and  to  give  suitable  stiffness  of  unit. 

Figure  3  shows  the  changes  of  attenuation  of 
multi-mode  fiber  unit  and  single-mode  fiber  unit 
against  temperature  in  a  heat  cycle  test,  when 
material  A  (Table  1)  was  used  for  skin  layers. 
Attenuation  were  measured  at  the  wavelength  of 
0.85  pm  for  multi-mode  fiber  and  at  1.30  pm  for 
single-mode  fiber.  The  attenuation  increase  took 
place  at  temperatures  less  than  0°C,  and  expended 
after  first  high  temperature  aging.  We  confirmed 
that  the  attenuation  increase  at  low  temperature, 
dose  not  extend  after  the  second  or  third  high 
temperature  aging. 

This  behavior  was  considered  that  release  of 
the  extrusion  stress  at  high  temperature  induces 
strain  on  optical  fibers  beyond  adding  the 
attenuation  above  0°C,  but  the  stress  was  added 
to  the  shrinkage  stress  at  low  temperature  of  the 
coating  layers  and  showed  the  extension  of 
attenuation  after  heat  aging.  In  order  to 
confirm  and  to  take  measures  to  the  above 
problem,  we  have  investigated  the  skin  coating 
material,  because  foam  layer  material  is  not  easy 
to  change  for  the  large  effectiveness  on  the 
blowing  properties. 

Table  1  shows  the  physical  properties  of 
skin  coating  materials,  and  Figures  4  and  5  show 
the  changes  of  attenuation  between  -40°C  and  80°C 
for  material  B  and  C  as  skin  coating  material 
respectively. 
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TABLE  1  PROPERTIES  OF  SK1H  MATERIALS 


2)  EFFECT  OF  EXTRUSION  STRESS 

Material  A  has  small  wait  Index,  and  It 
Mans  the  large  extrusion  stress  Is  expected  to 
remain.  Material  8,  on  the  other  hand,  has 
almost  the  same  tensile  modulus  as  material  A  but 
larger  melt  index,  therefore  we  expected  that  the 
extrusion  stress  of  skin  layer  could  be 
decreased,  and  the  further  attenuation  increase 
at  low  temperature  after  heat  aging  could  be 
reduced,  if  the  extrusion  stress  was  responsible 
to  the  extension.  Residual  extrusion  stress  of 
all  coatings  were  directly  measured  as  strain 
release  of  optical  fibers  by  removing  the  unit 
coatings  by  optical  phase  delay  technique,  as 
shown  in  Table  1.  The  values  of  extrusion  stress 
were  in  expected  relationship  to  the  melt  index. 
On  the  other  hand,  the  further  attenuation 
Increase  at  temperatures  below  0°C  after  heat 
aging,  could  not  be  observed.  In  this  case,  the 
residual  extrusion  stress  of  skin  layer  was 
considered  to  induce  considerable  strain  on 
optical  fibers  after  heat  aging,  as  compared  with 
that  of  foam  layer.  Therefore  nelt  index,  as  a 
parameter  of  extrusion  stress,  is  concluded  to  be 
one  of  the  most  important  property  to  choose  a 
skin  layer  material  of  optical  fiber  unit  of  this 
system. 


3)  LOW  TEMPERATURE  SHRINKAGE 

To  decrease  the  strain  on  optical  fibers  at 
low  temperature,  the  soft  material  C  was  chosen 
for  skin  layer  material.  Material  C  had  almost 
the  same  melt  index  as  material  B.  The  extrusion 
stress,  shown  in  Table  1,  was  a  little  less  than 
the  value  of  material  B,  for  tensile  strength  of 
material  C  was  less  than  that  of  material  B.  For 
the  same  reason,  a  skin  layer  of  material  C 
generated  smaller  strain  on  optical  fiber  at  low 
temperature,  than  the  skin  of  material  B.  Figure 
5  shows  the  changes  of  attenuation  when  material 
C  was  used  as  skin  layer. 

The  attenuation  increase  of  this  unit  at  low 
temperature  was,  contrary  to  our  expectation,  a 
little  larger  than  that  of  the  unit  which  used 
material  3. 

We  considered  the  reason  for  above  reiult 
that  the  soft  skin  layer  could  not  level  the 
irregularity  of  the  foam  layer  shrinkage. 

Among  these  three  materials,  we  have 
concluded  material  B  was  the  best  as  the  skin 
layer  material  of  ABF  cabling  system. 


4)  EVALUATION  OF  NEW  DESIGN  UNIT  OF  7  FIBERS 

Transmission  properties  and  blowing  property 
of  new  design  unit  of  7  fibers  was  evaluated  as 
Table  2. 

The  attenuation  changes  were  sufficiently 
small  for  both  units  of  multi-mode  and  single- 
mode  fibers.  Attenuation  increase  at  low 
temperature  was  less  than  Q.05dB/kra  for  each 
fiber  types  and  for  each  observing  wavelength 
between  -40°C  and  80°C.  The  values  were  small 
enough  to  apply  these  units  not  only  to  local 
area  networks  but  to  long  distance  transmission 
use. 

Using  compressed  air  in  5kgfcms,  the  unit 
could  be  blown  into  500m  tube  cable  which  was 
wound  on  a  drum  of  lm  in  diameter  within  17 
minutes.  Then  there  was  no  problem  to  install 
this  new  design  unit.  The  installation 
performance  is  as  good  as  our  conventional  units. 


a.  NEW  VARIATIONS  OF  ABF  UNITS 

To  meet  the  demand  of  wider  applications,  we 
have  developed  new  variations  of  units. 

Table  3  shows  structures  of  unit  variations 
with  some  special  properties.  Type  1  and  type  2 
have  a  rip  code  for  the  purpose  of  polling  out 
fibers  from  unit  easily.  Type  3  to  type  6  were 
fiber  ribbon  unit  especially  for  connecting 
ordinary  fiber  ribbon  cables. 

Outer  diameter  of  these  units  were 
controlled  to  be  2.0mm  without  type  6,  so  that 
the  existing  equipments  can  be  used. 

Attenuation  increase  at  low  temperature  were 
evaluated  by  the  same  procedure  of  the  previous 
chapter.  All  types  of  multi-mode  fiber  units 
showed  good  properties,  such  as  attenuation 
increase  less  than  0.20dB/km  at  -40°C.  Also  all 
types  of  single  mode  fiber  units  similarly  showed 
good  properties,  less  than  0.05dB/km  at  the  same 
condition. 

Blowing  properties  of  these  units  were  also 
evaluated  by  measuring  time  for  blowing  the  unit 
through  500m  length  tube  cable  wound  on  a  drum  of 
lm  in  diameter  using  compressed  air  in  5kg/cm*. 
Blowing  the  type  5  and  type  5  units  needed  more 
minutes  than  other  units.  The  reason  for  the 
result  is  considered  that  these  units  had 
inclination  to  keep  the  given  figure,  such  as  a 
curve  of  reel,  resulting  the  increased  friction 
between  units  and  tubes.  However  the  times  were 
less  than  25  minutes,  hence,  there  is  still  no 
problem  to  practical  use. 
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TA31E  2  PROPERTIES  OF  HEN  DESIGNED  7-FIBER  UHIT 


Multi-mode  fiber  unit 

Wavelength 

Test  conditions 

0.85pm 

1.30pm 

Attenuation  (dS/km) 

2.45 

0.37 

Unit  on  reel  of  30em  in  diameter 

Attenuation 
increase  of 
unit  (dg/km) 

.;q«C 

0.02 

0.02 

Unit  In  coil  of  30cm  in  diameter 

Maximum  attenuation  increase  in  3  times 
Temperature  cycles  between  -40eC  and  80#C 

-40°C 

0.04 

0.03 

Single-mode  fiber  unit 

Wavelength 

Test  conditions 

1  *  30  pm 

1.55pm 

Attenuation  (dB/kml 

0.38 

0.28 

Unit  on  reel  Of  30em  in  diameter 

Attenuation 
increase  of 
unit  (dB/km) 

-20°C 

■>  0.01 

0.01 

Unit  in  coil  of  30cm  in  diameter 

Maximum  attenuation  Increase  in  3  times 
Temperature  cycles  between  -40°C  and  80°C 

-40°C 

<  0.01 

0.01 

Blowing 

30 Cm  tube 

8.30 

Slowing  time  through  correspondent  length  tube 
Using  compressed  air  in  5kg/cm! 

(min) 

50(h  tube 

17.00 

S.  CONCLUSION 

We  have  investigated  the  optical  fiber  unit 
design  for  ABF  cabling  system  to  extend  the 
applications.  We  have  clarified  that  the 
residual  extrusion  stress  of  skin  layer  is 
responsible  for  the  attenuation  increase  at  low 
temperature  after  heat  a;ing. 

Based  on  these  results,  we  have  developed 
new  designed  unit  coated  by  a  material  with  large 
melt  index,  as  the  ABF  unit  for  the  wide 
temperature  range  use.  This  type  of  unit  shows 
good  transmission  properties  between  -40°C  and 
8C°C  and  good  blowing  properties. 

We  have  also  developed  several  ABF  units  for 
special  applications. 
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TA8LE  3  DEVELOPED  UNIT  VARIATIONS 


Structure  Outer  diaaeter  of 


Attenuation  Increase 
it  -40#C  (dS/kts) 


(without  foam  layer)  feats  layer  (cm)  Xulti-aode  Single-node 

0.85pn  1.30un 


Blowing  property 
(■In) 


7-flber  unit 
(Standard) 


6-flber  unit 
(with  rip 
code) 


(^:rip  code 


Fiber  ribbon 
unit 
(2-flber 
ribbon  with 
rip  code) 

0;rlp  code 


2.0 

0.0B 

<  0.0) 

2.6 

0.03 

0.01 

*  Maximum  suplying  speed  of  blowing  head  =  17m/min 
**  Blowing  time  through  500m  length  tube  using  compressed  air  in  5kg/cm* 
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ABSTRACTS 

Recently  the  electric  power  company  utilities  are 
actively  constructing  optical  communication 
networks  over  a  wide  range.  As  the  applicable 
r_.je  of  optical  cable  expands.  Installation  of 
optical  cable  In  severe  environment  has  been 
examined.  One  example  is  that  the  Hokkaido 
Electric  Power  Co.  applied  on  optical  cable  to  the 
waterway  in  its  Setose  hydraulic  power  plant  for 
monitoring  the  buildings  and  water  level  and 
remotely  controlling  the  water  gate  of  the  dam.  On 
the  other  hand,  the  waterway  incessantly  receives  a 
rapid  water  flow  or  substantial  hydraulic  pressure. 
For  achieving  higher  reliability  the  Hokkaido 
Electric  Power  Co.  introduced  a  continuous  long 
length  joint-free  optical  cable  for  the  waterway. 
In  this  report  the  cable  construction  and 
Installation  techniques  are  discussed  for  the  said 
continuous  optical  cable  used  in  the  waterway  and 
the  measured  cable  characteristics  and  the  result 
of  installation  are  introduced. 

1 .  Foreword 

Nowadays,  electric  power  company  utilities  are 
active  in  construction  of  optical  communication 
network  over  an  extensive  range,  utilizing  the 
excellent  features  of  optical  fiber  such  as  low 
loss,  wide  bandwidth  characteristics  and  non- 
inductive  characteristics. 

Typical  optical  cables  employed  by  such  utilities 
are  classified  into  OPGW  (composite  fiber-optic 
ground  wire)  to  be  laid  along  the  overhead  power 
transmission  line  route,  self-supporting  type 
optical  cable  to  be  installed  along  the  overhead 
power  distribution  line  route  and  plane  sheath- 
provided  ordinary  optical  cable  to  be  laid  in  duct, 
though  this  depends  on  cable  laying  environment. 
In  addition,  there  are  indoor  optical  cables. 

Along  with  expansion  of  applicable  range  of  opti.al 
cable,  its  introduction  is  now  under  study  in 
severe  environment. 

This  is  exemplified  by  the  application  of  optical 
cable  to  the  waterway  in  a  hydraulic  power  plant  of 
a  power  utility,  which  is  introduced  here. 
Focusing  on  the  superb  characteristics  of  optical 
cable,  the  Hokkaido  Electric  Power  Co.  recently 
determined  to  adopt  an  optical  communication  system 
for  monitoring  the  buildings  and  the  water  level  of 


the  dam  up  the  river  in  the  mountains,  and  for 
remotely  controlling  the  opening  and  closing  of  the 
water  gate  from  the  dam  down  the  river  located  in 
the  city  area. 

A  dam  is  of  course  constructed  in  a  mountain.  If 
optical  cable  is  laid  along  a  foot-way  or  road  on 
behalf  of  its  construction  and  maintenance, 
transmission  line  will  become  extremely  long. 
Hence,  installation  of  a  repeater  will  increasingly 
be  unavoidable  for  transmitting  ITV  color  Images. 
For  achieving  the  duplication  of  transmission  line, 
it  is  requested  to  lay  optical  cable  along  the 
route  where  there  is  the  smallest  chance  of  damage 
occurring  due  to  guns,  birds  and  insects. 

Needless  to  say,  the  shortest  installation  route 
from  a  dam  to  the  power  plant  lies  in  the  waterway 
of  that  plant.  Besides,  in  the  waterway,  there  is 
no  possibility  of  the  above-mentioned  damage  due  to 
guns,  birds  and  insects.  Furthermore,  the  waterway 
has  been  designed  so  as  not  to  allow  a  large 
substance  to  float  through  in  except  for  sand  and 
pebbles.  On  the  other  hand,  the  waterway 
incessantly  receives  a  rapid  water  flow,  or 
substantial  hydraulic  pressure.  And  water  cannot 
be  stopped  immediately,  signifying  a  rather  hard 
installation  environment.  Therefore,  a  higher 
reliability  is  required  for  Introducing  optical 
cable.  Recently  the  Hokkaido  Electric  Power 
Company  introduced  optical  cable  in  the  waterway  of 
about  9.1  km,  which  is  located  in  the  Muri  dam  on 
the  Yubetsu  river  system  belonging  to  its  Engaru 
Power  StatU This  paper  reports  examinations 
made  by  r/ie  authors  on  the  structure  and 
installation  engineering  of  optical  cable  for 
waterway,  and  the  installation  situation  of  this 
cable  on  site. 

2.  Overview  of  System 

This  system  has  been  built  up  intended  to  remotely 
supervise  from  the  downstream  Yubetsu  river  dam  the 
upstream  Muri  dam  for  gathering  water  to  be  used  by 
the  Setose  hydraulic  power  plant  belonging  to  the 
Engaru  Power  Station  of  the  Hokkaido  Electric  Power 
Co. 

Figure  1  outlines  this  system  and  Figure  2  shows 
its  route  diagram.  The  intended  remote  control 
scheme  can  be  outlined  as  follows.  Two  ITV  units 
have  been  installed  in  the  Muri  dam.  From  these 
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3; _ Obit  Installation  Environment 

Tht  present  cable  route  Is  shown  in  Fig.  2.  it 
spans  a  section  from  the  Hurt  dam  of  the  Hokkaido 
Electric  Power  Company's  Engaru  Power  Station  to 
the  Yubetsu  river  dam.  Cable  is  laid  in  the 
waterway  for  the  relevant  hydraulic  power  plant  and 
directly  buried  over  some  range. 

The  waterway  is  a  tunnel  shaped  as  shown  in  Fig.  3. 
Ouring  generation  of  hydraulic  power,  ‘.he  waterway 
is  always  filled  with  water.  Moreover,  hydraulic 
pressure  and  flow  reach  approximately  3.6  kg/cm’ 
and  3m/sec. ,  respectively,  it  was  observed  that 
sand,  pebbles,  wood  pieces  and  others  flowed,  which 
has  entered  through  the  water  inlet  of  dam  together 
with  water. 


■*  Cross  S^l.on  of  the  Waterway 


The  rea.  y  the  waterway  was  selected  as  a  cable 
route  aes,.  m  *.uch  hard  conditions  <n  its  Inside  is 
summed  up  as  folloi.j, 

(1)  An  aerial  copper  communication  cable  has 

already  been  installed  over  mountains.  For 
duplication  with  this  cable,  namely  preventing 
simultaneous  occurrence  of  damage,  the  new 
communication  cable  need  be  laid  on  a 

different  route. 

(2)  For  another  aerial  cable,  a  new  foot-way  must 
be  constructed  because  it  is  absent. 

(3)  Aerial  cable  cannot  be  said  to  be  free  from 
damage  aue  to  guns,  birds  and  insects. 

(A)  The  use  of  waterway  in  the  relevant  hydraulic 
power  plant  allows  the  shortest  course 

possible  which  runs  the  section  of  interest. 
It  is  advantageous  from  the  viewpoint  of 
system. 

For  the  above  reasons,  the  waterway  has  been 
determined  as  a  cable  route. 

4.  Optical  Cable  Design 

The  design  of  optical  cable  has  been  examined  in 
consideration  of  such  a  special  cable  envircnment 


as  mentioned  above. 

First  of  all,  for  the  environmental  reasons 
enumerated  below,  we  have  decided  to  employ  a 
continuous  joint-free  optical  cable  without 
providing  a  cable  joint  in  the  dam  waterway. 

(1)  For  cable  installation,  water  must  be 
discharged  completely  from  the  waterway. 
However,  spring  water,  etc.  will  always  flow 
into  the  waterway  to  increase  humidity  up  to 
an  extremely  high  level.  Therefore,  fiber 
splicing  with  a  splicing  machine  is  expected 
to  be  difficult  in  the  waterway. 

(2)  Transmission  line  must  have  a  high  reliability 
against  flowing  water,  water  pressure  or 
external  force  given  from  floating  materials. 

(3)  The  waterway  has  a  curvature  radius  of  several 
ten  meters  or  more  only  at  a  few  locations. 
Besides,  its  grade  approximates  merely  1/1000. 
These  characteristics  are  suited  for  laying  a 
long  cable  without  a  joint. 

For  introduction  as  a  continuous  joint-free  optical 
cable  with  a  long  length,  optical  cable  has  been 
designed  as  follows  in  order  to  be  laid  under  a 
high  tension  at  Installation  and  endure  a  rapid 
water  flow  at  about  3  m/sec  after  installation;  an 
iron  wire  of  1.2  mm  dla.  and  outer  polyethylene 
(PE)  sheath  for  preventing  corrosion  of  the  iron 
wire  are  wound  on  the  Inner  sheath.  The  inner 
sheath  has  employed  a  LAP  sheath  as  a  moisture 
barrier,  and  the  cable  core  has  adopted  a  slot 
structure  which  excels  in  compressive 
characteristics.  Figure  4  shows  the  construction 
of  the  optical  cable  laid  in  the  waterway  of  this 
dam.  The  construction,  as  it  is,  has  also  been 
used  for  the  burial  cable. 


Fig.  4  Construction  of  the  Optical  Cable 


Table  1  lists  the  characteristic  requirements  of 
the  optical  cable  employed  for  this  system.  The 
optical  fiber  has  6  fibers  in  total;  2  fibers  for 
transmitting  ITV  signal  from  the  Muri  dam  and 
remotely  controlling  the  open/close  status  of  dam 
gate,  and  spare  4  fibers  for  future  cable  extension 
to  upstream  dam,  etc. 
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units, video  and  voice  signals,  which  -epresent 
water  level  in  the  dam  and  the  conditions  of 
buildings,  are  transmitted  to  the  Yubetsu  riber  dam 
administration  office  for  supervision  on  the  TV 


screen  {color  moving  pictures},  .'he  Yubatju 
dam  side  sends  the  open/close  signal  of  the 
dam  grte  for  the  purpose  of  remote  control. 


Fig.  1  Outline  of  System 


Fig.  2  Route  Diagram 
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Table  1  Optical  Fiber  Characteristics 
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5.  Examination  of  installation  Method  in  Waterway 

For  laying  a  continuous  joint-free  optical  cable  of 
slightly  less  than  10  km,  application  of  the 
installation  methods  below  has  been  examined  in 
particular. 

(1)  Upon  laying  the  cable,  it  is  predicted  that 
cable  tension  would  exceed  a  few  tons  at 
maximum  if  hauled  only  by  its  pulling  end.  To 
circumvent  this,  we  should  employ  8 
Intermediate  pulling  machines  at  intervals  of 
about  1  km. 

(2)  Each  intermediate  pulling  machine  should  be 
provided  with  a  single  telephone  set  in  order 
to  control  the  cable  tension  while  exchanging 
information  at  the  installation  site  of  each 
machine. 

(3)  To  minimize  external  force  to  be  applied  to 
the  optical  cable  while  it  is  laid  out,  a 
pulley  should  be  arranged  at  intervals  of  2  to 
10  m  in  response  to  curvature. 

(4)  Workman  should  always  be  beside  the  pulling 
end  of  optical  .'able  while  it  is  pulled  for 
installation  so  that  the  cable  can  pass  the 
pulleys  smoothly. 

6.  Characteristics  of  Optical  Cable 

We  produced  a  wire  armoured  optical  cable  shown  in 
Fig.  4  whose  length  is  9.6  km  including  the 
waterway  of  about  9.1  km  from  Muri  dam  to  Setose 
Power  Station.  This  section  details  the  result  of 
characteristic  evaluations  of  this  cable. 

6.1  Transmission  Characteristic 

Although  this  optical  cable  is  used  at  a  wavelength 
of  1.3  urn,  transmission  characteristics  at  a 
wavelength  of  1.55  pm  have  also  beer,  evaluated 
because  a  high  cable  reliability  need  be  secured. 
Average  loss  of  6  fibers  was  0.36  dB/km  at  1.3  pm 
and  0.22  dB/km  at  1.55  pm.  That  is,  deterioration 
of  optical  characteristics  in  manufacturing  process 
has  not  been  observed  particularly. 

6.2  Mechanical  Characteristics 

Mechanical  characteristics  have  been  investigated, 
assuming  a  pulling  tension  in  long  length  optical 
cable  installation,  application  of  hydraulic 
pressure  of  3.6  kg/cms  and  external  force  due  to 


floating  materials  such  as  pebbles.  Every  results 
indicate  stable  characteristics  with  a  proper 
safety  factor.  Table  2  summarizes  the  result  of 
test.  Figs.  5  and  6  detail  each  result  of  tensile 
and  compression  tests. 


Table  2  Methods  and  Results  of  Tests 
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Fig.  5  Tensile  Test 


Fig.  6  Compression  Test 
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6.3  Temperature  Characteristics 

In  the  Engaru  district  of  Hokkaido,  temperature 
drops  to  even  -30°C  in  winter  excluding  the  inside 
of  dam  waterway.  To  cope  with  this,  the  optical 
cable  has  been  desio-  d  within  a  wide  temperature 
range  of  -40  to  +  60UC.  The  result  of  measurement 
is  shown  in  Fig.  7.  At  both  wavelengths,  loss 
fluctuation  was  within  0.05  dB/km.  This  proves 
that  characteristics  are  stable  even  at  a  low 
temperature. 


7.  Installation  Work 

Cable  installation  work  was  undertaken  taking  the 
opportunity  of  the  sand/soil  discharge  from 
waterway  and  equipment  check  which  is  carried  out 
once  every  several  years.  Because  water  feed  into 
the  waterway  was  stopped  for  only  one  month, 
installation  was  required  to  be  completed  within 
that  period  of  time  including  preparations.  This 
meaned  a  rather  tough  condition. 

Tha  Installation  work  is  outlined  in  Fig.  8. 
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Fig.  8  Outline  of  The  Installation  Work 
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Out  to  probltm  on  synchronization  with  the 
intermediate  pulling  machines  and  reason  on  the 
location  for  installation,  a  full-fledged  drawing 
machine  was  not  used  on  the  supply  side  of  optical 
cable.  Instead,  the  cable  have  been  paid  out 
manually  by  use  of  a  manual  roller. 

The  optical  cable  was  wound  on  an  iron  drum  with  a 
flange  diameter  of  2.5  m  and  an  outer  width  of  1.2 
m.  It  was  9.6  km  long  and  weighed  about  6  tons  in 
the  wound  status.  But  4  to  5  persons  were  adequate 
for  paying  out  the  cable. 

This  can  be  said  to  be  one  of  the  proofs  which 
verify  that  this  installation  work  was  dependent  on 
the  small  diameter  and  light  weight  characteristics 
inherent  to  optical  cable. 

Figure  9  shows  the  optical  cable  paid  out  manually. 


Fig.  9  Supply  Side  of  Optical  Cable 

The  installation  site  lies  in  waterway  and 
underground.  It  is  matter  of  course  that  there  is 
no  equipment  like  power  source  or  lighting  in  the 
waterway  subjected  to  continuous  long  length  joint- 
free  optical  cable  installation.  Furthermore,  use 
of  an  internal  combustion  engine  must  definitely  be 
avoided  in  the  waterway  because  of  poor 
ventilation.  With  regard  to  the  construction 
equipment,  therefore,  the  on-site  measures  listed 
below  have  been  taken. 

(1)  For  power  source,  an  outdoor  generator  was 
installed  at  the  inlet  of  waterway  so  as  to 
supply  200  V  into  it.  The  voltage  was  dropped 


to  100  V  by  the  transformer  provided  in  the 
waterway  to  minimize  voltage  drop. 

(2)  To  light  the  inside  of  waterway,  500  working 
lights  were  installed  at  intervals  of 
10  to  20  m. 

(3)  Bicycles  were  used  for  movement  of  both 
workers  and  materials  because  it  excels  in 
mobility  and  does  not  cause  environmental 
pollution.  Only  for  transportation  of  heavy 
objects  or  urgent  purposes,  motorbikes  were 
driven. 

Under  the  above-mentioned  situation,  installation 
was  carried  out.  As  a  result,  the  cable  was  laid 
over  a  distance  of  9.3  km  in  essential  2  days  with 
maximum  installation  tension  about  200  kgf  and 
average  installation  speed  approx.  10  m/min.  After 
installation,  the  characteristics  of  cable  were 
checked  over  the  entire  length  by  means  of  OTOR. 
In  consequence,  there  was  no  change  before  and 
after  installation,  so  we  have  confirmed  that 
installation  was  successful.  Figure  10  shoots  the 
situation  of  construction  in  the  waterway. 


Fig.  10  Situation  of  Installation 
(in  the  waterway) 


Then  the  cable  was  fastened  to  the  wall  face  of 
waterway  with  the  aid  of  a  saddle.  Fastening  was 
made  at  intervals  of  2  m  to  counter  rapid  water 
flow.  Because  even  9,000  saddle  screws  had  to  be 
tightened,  the  saddle  was  installed  at  1.5  m  above 
the  bottom  of  waterway  in  order  to  facilitate 
screw  tightening  work.  Figure  11  snaps  saddle 
fastening  work. 
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Equipments  used  for  this  construction  arc  listed  in 
Table  3. 


Table  3  List  of  Equipments  Used  In  The  Work 


Equipments 

Humber  of  units  used 

Remarks 

Intermediate  pulling  machine 

8  (1  km  apart) 

Reduction  of  the  install 
tension  of  the  optical  cable 

Pulley 

/ox.  1700  (2-10  m  apaprt) 

Reduction  of  the  install 
tension  of  the  optical  cable 
and  guide  for  the  optical 
cable 

Working  light 

Approx.  500 

Lighting  in  the  waterway 

Telephone 

9 

Communication  between  pulling 
machines 

Bicycle 

17 

Travel  in  the  waterway 

Motorbike 

4 

Transportation  of  the  tools  or 
emergency  use 

Rcarcart 

6 

Transportation  of  the  tools 

Fig.  11  Cable  Fastened  to  The  Wall  of  The 
Waterway 


8.  Conclusion 

In  order  to  introduce  optical  cable  into  a  hard  and 
special  Installation  environment,  namely  a  dam 
waterway,  its  structure  and  installation  method 
have  been  examined,  and  the  characteristics  have 
been  tested.  As  a  result,  laying  a  continuous 
joint-free  optical  cable  of  nearly  10  km  has  been 
completed  in  the  dam  waterway. 

In  the  future,  there  may  be  the  growing  number  of 
cases  where  electric  power  company  utilities 
introduce  optical  cable  in  a  special  environment  as 
represented  by  the  waterway  in  a  hydraulic  power 
plant.  This  project  can  be  said  to  be  an  epoch- 
making  answer  to  diverse  needs  taking  place  along 
the  expansion  of  application  range  of  optical 
cable. 

In  the  end,  we  would  like  to  express  our  gratitude 
to  the  people  concerned  inside  and  outside  our 
company  for  their  hearty  guidance  and  assistance 
over  a  time  period  from  the  manufacture  to 
installation  of  this  cable. 

Reference 

(1)  Self-Controlling  Puller  Instruction  Manual. 
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A  universal  fiber  Identification  test  Instrument 
has  been  developed.  The  Instrument  Is  capable  of 
detecting  traffic  or  test  signals  which  may  be 
present  In  a  fiber  by  Inducing  a  snail  loss  which 
does  not  disturb  the  transnission  system.  The 
universality  of  the  instrument  results  from  a  bend 
configuration  which  rcducos  the  bend  loss 
dependence  on  fiber  design  and  operating 
wavelength.  This  bend  configuration  was  also 
optimized  to  improve  collection  of  the  extracted 
signal.  The  «‘05ult  is  an  instrument  which  can  be 
used  with  all  fiber  types  and  at  all  wavelengths 
commonly  used  in  the  telecommunications  Industry 
and  which  Induces  no  more  than  3.0  dD  loss  with 
measurement  sensitivity  as  low  as  -62  dEm. 


Signal  extraction  from  an  optical  fiber  by  some 
form  of  fiber  bending  mechanism  has  been  utilized 
to  detect  the  presence  of  traffic  and  prevent 
costly  disruptions  caused  by  mistaken  fiber 
identification.1  Until  now  this  technique  has  been 
limited  by  the  significant  variability  In  the 
amount  of  signal  extracted  from  the  fiber  since  the 
amount  of  loss  induced  by  a  specific  bend 
configuration  depends  both  on  the  fiber  design 
parameters  tnd  the  operating  wavelength.  Currently 
available  Instruments  Are  often  based  on  bend 
configurations  designed  around  nominal  values  for  a 
specific  fiber  type  at  a  single  wavelength.  If 
these  conditions  change,  the  loss  Induced  by  the 
bend  can  vary  greatly,  causing  system  alarms  for 
excessive  loss  or  no  signal  detection  for 
insufficient  loss. 

By  understanding  the  fiber  bending  principles  and 
developing  a  bend  geometry  which  has  minimum 
dc-pendance  on  signal  wavelength  and  fiber 
parameters,  a  universal  fiber  identification  test 
instrument  can  be  offered. 


configuration.  Of  primary  importance  is  the 
dcnendance  of  loss  on  the  optical  wavelength  and 
fiber  characteristics.  Mathematical  modelling  was 
undertaken  to  determine  the  sensitivity  of  various 
configurations  to  wavelength  and  to  singlemode 
fiber  parameters  such  as  mode  field  diameter  and 
cutoff  wavelength.  From  this  analysis  the  design 
for  a  bend  configuration  which  greatly  reduced  loss 
dependencies  resulted. 

Experimental  results  for  three  different  bend 
configurations  are  shown  in  figures  1,  2  and  3. 
Each  bend  configuration  is  tested  on  three 
different  single  mode  fiber  types  of  varying  bend 
sensitivity  designated  as  A,  B  and  C  in  order  of 
increasing  mode  field  diameters.  Figure  1  is  for  a 
bend  configuration  commonly  used  with  large  mode 
field  diameter  fibers.  Figure  2  is  for  a  bend 
configuration  found  In  Instruments  intended  for 
small  mode  field  diameter  fibers.  Figure  3  results 
from  the  use  of  the  matiiZmatlcally  optimized  bend 
configuration. 

it  can  be  easily  seen  that  neither  of  the  two 
conventional  bend  configurations  can  be  used  on  all 
three  fibers  over  their  normal  operating  wavelength 
region.  A  similar  example  could  be  presented  for 
variations  in  the  fiber's  cutoff  wavelength. 

A  second  important  cause  for  variation  in  the 
induced  loss  is  believed  to  be  due  to  constructive 
and  destructive  recouping  of  light  traveling  in 
whisporlng  gallery  modes  with  the  fundamental  mode 
of  single  mode  fibers. i  This  phenomenon  i* 
exhibited  as  oscillations  in  the  loss  versus 
wavelength  graphs  for  the  traditional  bend 
configurations  shown  in  Figures  1  and  2.  These 
oscillations  will  also  appear  for  small  dimensional 
variations  in  the  fiber  bend  radius  at  a  constant 
wavelength.  Further  mathematical  analysis  allowed 
;he  authors  to  determine  the  specific  conditions 
under  which  this  effect  can  be  eliminated.  Figure 
4  shows  again  the  induced  loss  versus  wavelength 
for  a  conventional  bend  mechanism  alcng  with  the 
theoretically  predicted  maxima  and  minima  of  the 
interference.  From  Figure  3  it  can  be  rec.i  that 
this  phenomenon  has  been  eliminated  in  the 
universal  bend  mechanism. 
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There  are  a  number  of  causes  of  variation  in  the 
amount  of  loss  induced  in  a  fiber  for  a  given  bend 
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Figure  1:  Loss  Induced  by  a  bond  mechanism 
intended  for  large  node  field  diameter  fibers. 


Figure  Z:  Loss  Induced  by  a  bend  mechanism 
intended  for  small  mode  field  diameter  fibers. 


Figure  3:  Loss  induced  by  the  universal  bend 
mechanism. 
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Figure  4:  Theoretically  predicted  interference 
points  for  a  conventional  bend  mechanism  compared 
with  expertise.,  al  results. 


Since  in  rare  cases  absorption  of  the  extracted 
signal  by  the  colorings  applied  to  the  fiber 
coating  can  be  as  high  as  15  dB,  it  is  of  great 
importance  that  the  maximum  amount  of  the  extracted 
signal  be  collected.  Also  of  concern  is  the 
instance  where,  with  uncolorcd  fibers,  optical 
radiation  extracted  from  the  fiber  core  cm  be 
guided  in  the  acrylate  coating  through  the  bend 
mechanism,  greatly  reducing  coupling  efficiency. 

By  using  a  rigid  optical  clement  of  predetermined 
refractive  index,  a  number  of  desirable 
characteristics  can  be  obtained.  First,  it  is 

possible  to  precisely  define  the  fiber  bend 
geometry  which  results  in  highly  repeatable  loss 
values.  Second,  it  is  possible  to  obtain 
coupling  efficiency  exceeding  505C.  Third,  ttu. 
refractive  index  of  the  element  can  be  chosen  to 
allow  light  bound  by  unpainted  fiber  sections  to 
escape  at  the  bending  region. 


Table  1  shows  the  results  from  use  of  the 
instrument  on  six  common  fiber  design  types  at 
their  commonly  used  wavelengths. 

Figure  5  shows  the  fiber  identification  test 
instrument  containing  the  universal  bend  mechanism. 
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Singlemode 

Design  A 

1310 

0.44 

•54.1 

1550 

1.56 

•58.7 

Singlemode 

Design  B 

1310 

1.05 

-56.3 

1550 

2.66 

*61.1 

Singlemode 

Oesign  C 

1310 

2.82 

•59.8 

(Large  MFD  fiber) 

Singlemode 
Oesign  D 

1550 

0.29 

-51.7 

(Dispersion  shifted  fiber) 

Multimode 

50  urn 

850 

1.71 

•50.0 

1300 

1.65 

•53.9 

Multimode 

62.5  um 

850 

1.03 

•46.2 

1300 

0.93 

•50.3 

Table  1:  Sumraa.’y  of  instrument  performance 


Figure  5:  Fiber  identification  test  instrument 
containing  the  universal  bend  mechanism. 


CONCLUSION 


A  new  bend  technique  has  been  developed  where  loss 
denendance  on  wavelength  and  fiber  design  is 
minimized.  As  a  result,  the  fiber  identification 
test  instrument  incorporating  this  design  has  the 
same  performance  specification  for  a  broad  range  of 


fiber  designs  and  wavelengths.  This  includes 
depressed  and  matched  cladding  stnglemodc  fibers, 
dispersion  shifted  fibers  and  multimode  fibers,  all 
within  their  normal  operating  wavelength  windows. 
The  induced  loss  is  specified  not  to  exceed  *3.0 
dB,  while  maintaining  a  detection  sensitivity  below 
•50  dEm.  This  allows  for  15  dB  of  margin  for 
signal  -osorption  due  to  fiber  coloring  while  still 
maintaining  a  minimum  sensitivity  of  *35  dBm.  In 
addition,  the  testing  of  a  fiber  requires  less  than 
3  seconds  and  less  than  1  m  of  excess  fiber  slack, 
allowing  for  "In  cable*  fiber  testing.  Finally,  in 
addition  to  detecting  traffic  signals,  the 
instrument  is  also  capable  of  identifying  test 
tones  at  270  Hz,  1  KHz  or  2  KHz  modulation 
frequencies. 
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ABSX&Afil 

This  p*|*r  discusses  a  me! hod  of  identifying  optical  fibers 
in  an  Migrating  transmission  system  by  liending  the  hirers 
and  then  detecting  in  specific  filters  an  extra  identifies* 
lion  light  which  has  a  longer  wavelength  than  the  trans¬ 
mission  signal.  The  identification  light  is  injected  into  a 
non-opcral'm?,  fiber,  which  is  to  Ik  identifier!.  The  optimum 
wavelength  and  bending  shape  for  fiber  identification  are 
studied  experimentally  and  theoretically  for  concatenated 
single-mode  fibers.  The  resulting  apparatus  can  identify 
fillers  without  disturbing  signal  transmission. 

1.  -Introduction 

Optical  fiber  rallies  containing  many  single-mode 
fibers'1 1  arc  used  for  sulweriber  loo|>»'3'  and  trunk  com¬ 
munication  lines.  The  large  number  of  fibers  in  a  cable 
makes  it  difficult  to  Identify  fibers  by  color  coding  alone. 

In  optical  Tiber  maintenance,  such  as  cable  re-routing 
or  brandling,  an  optical  fiber  is  cut  inside  a  mechanical 
closure.  Therefore,  a  method  of  identifying  the  fiber  to 
be  cut  is  needed  to  avoid  cutting  the  wrong  fiber  in  the 
closure,  which  contains  operating  optical  libers.  However, 
an  identification  method  that  does  not  disturb  an  operating 
optical  filler  transmission  system  lias  not  been  developed 
until  now. 

This  paper  discusses  an  optical  fiber  identifier  design 
and  the  related  experimental  ami  theoretical  studies  on 
concatenated  single-mode  fibers,  along  with  the  optimum 
wavelength  and  bending  shape  associated  with  fiber  iden¬ 
tification. 

2.  Fiber  identification  nnd  cubic  re-routing 

Transmission  lines  which  use  optical  fiber  cables  some¬ 
times  have  to  be  partially  re-routed  after  installation  for 
reasons  such  as  road  construction.  The  method  of  optical 
fiber  cable  re-routing  is  shown  in  Fig.l.  The  procedure  is: 
(1)  Install  the  new  cable  be  , ween  existing  man-holes.  (2) 
In  the  existing  cable,  cut  the  non-operating  fibers  at  both 
man-holes,  after  fiber  identification.  (3)  At  both  ends,  pre¬ 
pare  the  optical  fibers  of  the  newly-installed  cable.  (-1) 
Splice  an  existing  fiber  and  a  new  fiber,  and  prepare  a  new 
transmission  channel.  (5)  Exchange  the  channel  of  previ¬ 
ous  operating  system  with  the  new  transii'xsion  channel 
prepared  in  step  (<1).  (G)  Repeat  steps  (2)  through  (5)  un¬ 
til  all  the  fibers  in  the  existing  cable  are  spliced  with  fibers 
in  the  new  cable. 


in  step  (2),  confirmation  of  the  non-o|>erating  statu* 
of  the  fiber  should  Ik  made  so  as  to  prevent  an  o|>craling 
fiber  from  being  cut  However,  confirmation  using  only  the 
color  of  the  fil>er  cc'ting  material  may  result  in  human 
error  such  as  mistaking  the  color  or  unit.  Therefore,  a 
fiber  identification  method  which  detects  the  optical  power 
radiated  from  a  bent  fiber  and  docs  not  disturb  the  signal 
transmission  is  proposed. 

The  concept  of  fiber  identification  .  <**.hod  is  illus¬ 
trated  in  Fig.2.  bight  power  injected  into  the  non- 
o|Krationai  fiber  to  be  identified  is  detected  from  the  bent 
fiber. 

3.  Selection  of  reference  light  source  wavelength 

3.1  WnvclcnKtb~(Ie|)einlence  on  fiber  bonding  loss 
The  wavelength  dependence  on  the  bending  loss  is 

shown  in  Kig.3  for  a  single-mode  fiber  having  a  mode-field 
diameter  of  9.5  /im,  a  coating  diameter  of  0.25  mm  and  a 
cut-olf  wavelength  of  1250  mil.  The  increase  in  loss  for  a 
radius  of  9  mm  is  wry  small  at  the  1300  nm  wavelength 
used  for  signal  t;*nsmi«ion,  but  loss  increases  as  the  wave¬ 
length  increases.  The  results  also  indicate  that  the  |»wcr 
radiated  is  greater  at  longer  wavelengths. 

3.2  Calculation  of  the  optimum  wavelength  for 

n  reference  light  source  ~ 

The  optical  power  radiated  from  a  single  turn  with  a 
radius  of  9  mm  is  calculated  us  follows.  Fiber  loss  factors, 
namely,  ultraviolet  absorption  loss  <r,».  infrared  loss  rr„, 
and  Rayleigh  scattering  loss  a,i  were  estimated  relative  to 
the  silica  glass  material  comprising  the  fiber.  Total  fiber 
loss  oy,  relative  to  GeOj-dopcd  silica  glass,  is  given  by ,3> 

ot  =  ci-.,  +  tt,r+tf,J  (I) 

or.v  =  x  ( dBfkm ) 

■  o,r  =  7.81  x  10**  •  (dBfkm) 

ct,i  =  (dB/km) 

where  A  is  wavelength,  X  is  GcOj  content,  and  A  is  the 
Rayleigh  scattering  coefficient  determined  by  the  slope  of 
the  curve. 

Radiated  optical  power,  P,  from  a  bent  fiber  at  the 
fiber  identification  point  is  given  by 

P  =  S-P0-  ](r,nrXi/w •  (1  - 10"“*/10)  (2) 
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Receiver 


t  nn 

Optical  fiber  cable 


Pig.2  The  concept  behind  the  method  for  identifying 
optical  fiber  cables 


where  l\  is  the  input  optical  power,  S  is  the  coupling 
efficiency  for  detecting  the  radiated  power,  I.  is  the  distance 
between  the  light  source  and  the  fiber  bend,  and  at  is  the 
bending  loss  at  each  wavelength. 

The  optical  power  radiated  from  a  single  turn  with  a 
radius  of  9  mm  is  calculated  for  concatenated  single-mode 
fibers,  and  is  shown  in  l'ig.-t  as  a  function  of  the  distance 
between  the  light  source  and  the  fiber  bend.  The  calcu¬ 
lation  was  carried  out  using  the  mean  value  of  measured 
spectral  losses  in  commercially  installed  optical  fiber  ca¬ 
bles,  and  equations  (1)  and  (2).  Sufficient  light 


Fig.'i  Wavelength  dependence  on  bending  loss 


can  be  detected  at  around  the  cut-ofr  wavelength  for 
short  distances,  but  the  radiated  optical  power  is  uncertain 
due  to  the  higher  mode  in  this  region.  Though  the  opti¬ 
mum  wavelength  of  around  1700  mu,  which  is  longer  than 
the  water-peak,  changes  with  the  distance,  sufficient  radi¬ 
ated  light  can  be  detected  at  1550  mn,  a  wavelength  for 
which  laser-diodes  arc  commercially  available.  Therefore, 
the  1-550  nm  laser  diode  was  chosen  as  the  reference  light 
source  for  the  identifier. 
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Fig.4  Wavelength  dependence  on  |>ower  radiated 
from  a  IkmiI  fiber 


4.  Filmr  kIhhm? 

The  j<h»|>«  «r  the  filler  beml  was  studied,  using  the 
eX|>erimental  set-up  shown  in  Fig.5.  with  regard  to  the  op¬ 
tical  power  radiated  from  a  bent  filter,  the  insertion  loss 
caused  by  fiber  identification  at  a  given  signal  transmis¬ 
sion  wavelength,  and  the  handling  case  of  the  optical  fiber 
identifier.  A  typical  distribution  of  detected  optical  power 
levels  from  bent  fibers,  Including  one  with  approximately 
the  optimum  beml,  are  shown  in  Fig.C  for  I  tending  radius 
of  9  mm.  The  best  bending. shape  is  obtained  by  measuring 
the  (tower  level  dependence  on  bending  radius  and  angle. 

5.  Wavelength  dependence  of  light  power 
transmitted  through  n  colored  coating 

To  clarify  the  influence  of  the  coating  material  on  the 
radiated  power,  the  wavelength  de|>cmlcncc  on  the  coaling 
material  transparency  is  measured  by  spectrum  meter.  The 
wavelength  dependence  on  the  (tower  ratio  of  light  trans¬ 
mitted  through  a  0.2  mm  colored  coating  film  is  shown  in 
Fig.7,  The  marked  absorption  by  the  color  coating  is  not 
observed  at  wavelengths  around  1550nm.  These  results  in¬ 
dicate  that  the  coating  material  has  no  influence  on  power 
radiation. 

0.  Measured  splicing  low  and  fiber  loss 

In  design  of  an  optical  fiber  identifier,  the  relation 
between  optical  losses  at  1300  um  and  1550  um  for  con¬ 
ventional  single-mode  fibers  is  one  of  the  most  important 
characteristics.  Therefore,  splicing  loss  for  concatenated 
fibers  was  measured  with  an  OTDR  at  1300  um  and  1550 
mil.  The  relation  between  fusion  splicing  loss  for  the  above- 
mentioned  wavelengths  is  shown  in  Fig.8.  The  measured 
fusion  splicing  loss  indicated  no  wavelength  dependence. 
The  fiber  loss  in  existing  cables,  of  approximately  20  km  in 


ompllfler  volt-meter 

Fig.5  Experimental  set-up 


Bending  angle  0i  (deg) 


Fig.C  Distribution  of  detected  optical  power  levels 
from  bent  fibers 
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Wavelength  (ran) 


Fig, 7  The  wavelength  dependence  on  the  |»wer 
ratio  of  light  transmitted  through  a  colored 
coating  him 


Fig. 8  Measured  splicing  loss  for  Fibers  al  1300  nm 
and  1550  nm 


length,  for  the  1200  nm  wavelength  region  was  also  mea¬ 
sured  al  both  wavelengths.  The  results  arc  shown  in  Fig.9 
as  a  function  of  the  liber  loss  rstio  at  1300  nm  and  1550 
nm.  Those  results  show  that  the  mean  fiber  loss  value  at 
1550  nm  is  about  80  percent  that  at  1300  nm,  and  that 
there  is  no  problem  of  loss  when  the  1550  nm  wavelength 
for  identification  light  source  is  applied  to  in  the  existing 
cable,  including  splicing  points  and  residual  fiber  strain  af¬ 
ter  installing  a  cable. 


Rote  of  value  at  1300  nm  ond  1550nm 


Fig.S  Measured  filler  loss  ratio  lietwcen  1300  nm  and 
1550  nm  for  conventional  fillers  in  the  field 


Fig.10  Optical  fiber  identifier  configuration 
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Table  I.  Specification*  fet  the  optical  fiber  identifier 


Single-mode  fiber  cable 

Optical  tight  son  ice 

Laser  diode 

(1550  nm  Operating  wavelength) 

Coupling  Efficiency 

<  42  dh  Using  conventional  fibets) 

Insertion  loss 

<  0.2  dH  Using  conventional  fibers) 

Dimension* 

Transmitter  (30  x  10  x  G  cm) 
Receiver  (30  X  4  x  C  cm) 

Weight 

Transmitter  500  grams 

Receiver  400  grams 

Power  son  ice 

9  V  Internal  rechargeable  battery 
or  AC  charging  adapter 

<40 
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Fig,  1 1  The  dispersion  of  coupling  efficiency  at  1550  mil 
ami  insertion  loss  at  1300  nut  for  conventional  fillers 
as  measured  using  the  identifier 


7.  Optical  fiber  identifier  performance 

An  optical  fiber  identifier  was  designed  and  manufac¬ 
tured  according  to  the  concept  described  above.  Its  perfor¬ 
mance  in  the  field  showed  that  filler  identification  did  not 
disturb  the  operating  transmission  system.  No  bit-errors 
were  observed  when  live  fibers  operating  at  -100  Mbit/s'” 
were  bent  by  the  equipment.  The  configuration  of  the 
equipment  for  optical  fiber  identification  is  shown  in  Fig.10. 

The  dis|iersion  of  coupling  efficiency  at  1550  mu  and 
insertion  loss  at  1300  nm  for  conventional  fibers,  as  mea¬ 
sured  using  the  fiber  identifier  equipment,  is  shown  ill 


Wov^length  (nm) 


Fig.  12  Wavelength  dependence  on  (lower  radiated 
from  a  lient  fiber 


Fig.l  1.  These  characteristics  are  not  influenced  by  the 
colored  coating.  These  results  show  that  the  optical  filler 
identifier  does  not  disturb  operating  signal  transmission, 
ami  i*  highly  practical  for  use  on  lines  in  the  field.  The 
specifications  for  the  optical  filler  identifier  arc  shown  in 
Table  I. 


8.  Application  of  dispersion-shifted  fibers 

A  similar  technique  can  lie  applied  lo  the  identifica¬ 
tion  of  1550  nm  dispersion-shifted  fillers  by  using  a  laser 
diode  operating  at  a  longer  wavelength.  The  optical  power 
radiated  from  a  single  turn  with  a  radius  of  8  mm  was 
calculated  for  a  dispersion-shifted  fiber  using  equations  (I) 
and  (2).  The  results  arc  shown  in  Fig.  12  as  a  function  of 
the  distance  between  the  source  and  the  fiber  bend.  Suffi¬ 
cient  radiated  optical  power  can  be  detected  at  1G50  mil, 
for  which  experimental  laser  diodes  arc  now  available. 

9.  Conclusion 

A  new  method  for  identifying  fibers  in  operating  op¬ 
tical  fiber  systems  using  single-inode  fiber  cables  has  been 
presented.  Experimental  field  tests  show  that  the  optical 
fiber  identifier  does  not  disturb  active  signal  transmission, 
and  is  highly  practical  for  use  in  optical  fiber  maintenance. 
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Summary 

A  small  fraction  of  light  fit  an  optical  fibre  I*  coopto  -ugh 
the  ‘side'  ot  the  libra  using  one  ot  two  posstoie  '* 
tap*.  These  taps  can  than  be  Incorporate'  '• 
field  measurement  instumenls  which  may . 

Installation,  commissioning  and  roaWwinc 
network,  in  this  paper  we  w*  describe  the  appte* 
technology  to  product  a  'CSp-on*  optical  power  melet. 


Introduction 

Optical  fibre  has  to  date  been  used  extensively  In  tong  distance, 
high  capacity  trunk  and  intematione,  routes  but  has  yet  to 
penetrate  the  local  loop  to  any  significant  extent.  Various  local 
network  topologies  have  however  been  recently  proposed  and  these 
are  expected  to  Initiate  the  transformation  horn  copper  to  fibre: 
an  operation  which  is  expected  to  show  a  rapid  upward  trend.  To 
reduce  the  cost  ot  a  local  fibre  system  British  Teleoom  has 
proposed  a  fibre  and  equipment  sharing  network  (1).  It  uses 
passive  splitters  to  divide  the  signal  on  a  single  exchange  fibre  up 
to  32  ways  to  carry  telephony  and  broadband  services.  The 
telephony  service  uses  a  TDM  protocol  in  the  exchange  to  customer 
direction  with  a  TOMA  structure  hi  the  return  direction.  In  this 
and  other  shared  networks  a  problem  occurs  during  maintenance 
or  network  rearrangements  affecting  a  single  customer.  It  Is 
desirable  to  undertake  such  work  with  the  system  live,  without 
fepordising  the  Integrity  ot  the  remaining  customers.  Any 
measurements  which  are  made  on  the  five  networks  must 
therefore  not  cause  a  significant  Increase  fit  system  loss.  It  Is 
worth  noting  however  that  at  the  commistonlng  stage  ot  a  network 
such  constraints  need  not  apply  and  the  measurement  can  be  fully 
Intrude. 

In  this  paper  vre  discuss  two  'Clip-on'  optical  taps  which  ore 
capable  of  extracting  varying  tractions  ol  light  from  a  signal 
propagating  In  a  fibre.  W?  compare  and  contrast  various 
characteristics  ol  each  tap  (insertion  loss,  collection  efficiency, 
mechanical  performance  and  spectral  response).  We  then  describe 
two  *Ctipon*  optical  power  meters  using  these  laps,  one  of  which 
is  non-lntruslve  and  may  be  used  lor  live  testing  whilst  the  other 
Is  Intrusive. 

DBilMl-TfUMf 

It  is  well  known  that  light  Is  coupled  to  a  radiative  mode  it  a  fibre 
Is  subjected  to  a  localised  perturbation  (2).  Several  commercially 
available  ’Clip-on"  type  devices  rely  on  a  light  bend  to  couple  out 
fight  and  a  large  area  detector  to  sense  It.  Typically  these  devices 
exhfoit  tow  coupling  efficiency  from  (tore  to  detector  with 
effective  tosses  In  excess  ol  20dB. 


For  operation  under  the  non-lntnisive  regime  Insertion  losses 
need  to  be  tow  and  couplng  efficiencies  need  be  higher  to  offer 
usable  performance.  The  light  eminaiing  from  a  mere  gently  bent 
•tore  is  dfotrtouicd  and  therefore  some  form  of  focussing  or 
collecting  optics  is  required. 

We  report  two  tap  configurations  using  macrobendtog  or 
mtorobendtog  and  employing  simple  bulk  optical  components  to 
yield  high  coupling  efficiencies  wkh  contrasting  spectra)  and 
mechanical  performance. 


Bund  Lmi 

'CKp-on'  Instruments  using  macrobending  or  microbending  need 
to  be  able  to  deal  with  two  factors,  over  and  above  the  geometry  o! 
me  bend,  which  wit  affect  the  fight  coupled  from  the  fibre  and 
hence  sensed  by  the  detector.  They  are:- 
-  fibre  propagation  parameters  i.e  mode  field  radius  (MFR)  and 
cut-off  wavelength 
•  system  wavelength 

These  variables  affect  al  *CSp-on'  devices  and  effectively 
determine  the  overall  accuracy  of  an  Instrument.  The  dependence 
on  fibre  parameters  and  system  wavelength  is  given  by  a 
simplified  puro  bend  toss  expression  (3):- 


2a  m 


.  .Wa 

3»V* 


where  ‘R*  denotes  bend  radfi,  V  Is  a  function  of  wavelength  and 
cut-off  wavelength  and  ‘a*  denotes  MFR. 

Fibre  supplied  by  a  manufacturer  will  show  a  spread  In  Its 
propagation  constants.  The  extent  to  which  these  parameters  vary 
Is  defined  In  British  Telecom's  case  by  a  specification  ‘window* 
which  sets  the  following  limits,  MFR  9.2um  -  I0.2um.  and 
cul-off  wavelength  1 150nm  •  12B0nm.  Within  this  'window* 

(tores  display  differing  bend  toss  characteristics,  and  we  may 
identify  two  distinct  regions  at  the  extreme  oorners  of  the 
•window*.  We  have  termed  these  the  'Bend  Sensitive’  region  (short 
cut-off,  large  MFR)  and  the  'Bend  Insensitive*  region  (long 
cut-otf,  small  MFR).  A  manifestation  ol  this  varying  fibre  bend 
sensitivity  is  illustrated  In  figure  1  a/b  which  shows  loss  as  a 
function  of  wavelength  lor  (tores  at  these  extremes  ot  the 
specification  "window*  for  a  180  degree  bend  of  15mm  radius. 
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Figure  lato.  Bond  loss  (or  bend  Intensive  and  bend 
sensitive  fibres  respectively 

Elba  CatUno,  and  fiateurirg 

Whilst  the  propagation  parameters  and  system  wavelength  attect 
the  amount  ot  fight  coupled  out  ol  the  fibre,  an  additional  (actor, 
the  absorption  ot  fibre  coatings,  introduces  a  loss  between  fibre 
and  detector.  Typieafy  the  I  bra  wil  have  a  one  or  two  layer 
ac  ylate  primary  coating  and  a  coloured  Ink  coating  lor  protection 
and  identification  respectively. 

We  have  measured  typical  losses  introduced  by  the 
primary/toloured  coating  tor  fibres  kr  the  British  Telecom 
network  (table  1). 


COLOUR 

LOSS 

tdaaiawnm) 

$D 

m 

Brown 

It. 5 

0.75 

Rad 

2.7 

0.33 

Orange 

0.1 

0.02 

Yellow 

U 

0.25 

Green 

5.6 

1.5 

Blue 

1.5 

0.4 

Grey 

12.6 

1.2 

Tablet.  Loss  Penalties  ot 

Coloured  Coatings 

The  loss  represents  a  mean  of  recorded  measurements  in  (filtering 
positions  along  tht  same  length  ol  fibre.  The  variation  observed 
could  introduce  some  inaccuracies  when  making  'Clip-on* 
measurements.  Further  measurements  lor  Individual  colours  have 
shown  variation  horn  batch  lo  batch  and  also  Irom  manufacturer  10 
manufacturer.  We  believe  this  Is  due  to  the  uneveness  ol  the 
coating  and  variation  In  the  constituents  ol  the  Ink.  It  is  envisaged 
that  in  lutura  tite  coatings  and  inks  may  need  to  be  controlled  with 
regard  to  their  performance  In  the  in  spectrum,  with  an  eventual 
movs  to  IR  transparent  Inks  and  coatings. 

^pUfieLTm.Canlkai  ration 

We  now  compare  two  types  o(  optical  tap  concentrating  on  the 
following  parameters:* 

•system  insertion  loss 

•  collection  efficiency 

•  spectral  response  l.e  flatness 

•  mechanical  repeatability 

•  dependence  ol  Insertion  loss  on  fibre  propagation  parameters 


Macrobcnd  Taa: 

Fibre  is  bent  round  a  fixed  mandrel.  The  light  which  is  coupled  out 
Is  collected  around  the  circumference  by  a  secondary  waveguido 
(figure  2).  The  insertion  loss  ol  this  arrangement  depends  not 
only  on  the  radius  and  duration  o(  the  bend  but  also  on  the  fibre 
propagation  parameter  (figure  tab).  We  have  experimented 
with  radii  from  3mm  to  f  5mm  and  achieved  up  to  30%  efficiency 
ot  fight  collection. 


This  tap  is  mechanically  repeatable  sinco  the  alignment  ol  fibto 
with  waveguide  Is  not  critical,  and  as  shown  In  figure  3  once  a 
threshold  Is  exceeded  efficiency  is  Indepcndant  ol  application 
pressure. 


0  200  400  600  600  10001200 

Mandrel  Preaaure  (g) 

Figure  3.  Efficiency  v  Pressure  for  Macrobend  Tap 

Slngfcihmbtod.tia 

May  be  regarded  as  a  single  mfcrooend  (figure  4).  Insertion  loss 
is  dependant  upon  the  geometry  ol  the  bend  as  before,  but  this  tap 
is  less  sensitive  to  the  position  ol  the  fibre  In  the  specification 
■window*.  Its  spectral  performance  (figure  S)  Increases 
uniformly  with  wavelength.  This  makes  it  Ideal  for  accurate 
non-lntrushre  power  measurements.  II  Is  apparent  thctl  the 
wavelength  dependanco  of  Insertion  loss  Is  significantly  reduced 
Irom  the  macrobend  tap. 

This  tap  can  be  tuned  to  extract  large  amounts  ol  power  by 
selecting  the  appropriate  bend  geometry. 
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Flgur*  5.  Single  sharp  band  tap  spadral  response  lor 
band  sensitive  libra 

Tha  fibrt  is  prassad  against  lha  wavaguida  (which  sols  the  band 
gaomatry)  with  a  soli  rubbar  mandral.  As  a  result  tha  insertion 
loss  is  a  function  o(  pressure  (figure  5).  Tha  collection  efficiency 
is  only  weakly  dependant  on  waveguide  geomeiry. 

OwVg  to  the  almost  point  source  nature  ol  tha  light  propagating 
horn  the  fibre  at  the  band,  collection  efficiency  is  high,  up  to  60% 
has  been  measured.  The  repeatability  Is  dependant  on  (tore  to 
waveguide  alignment  to  a  small  extent  and  on  the  repeatability  ol 
mandrel  pressure  to  a  greater  extent. 

Instruments 

’Clip-on*  taps  can  be  utilised  in  a  variety  ol  fieid  Instruments 
(4,5.6).  The  tap  selected  would  depend  on  the  Instrument 
characteristics,  network  topology  end  the  particular  testing  need. 
The  fundamental  tool  is  an  optical  power  meter  which  is  snalagous 
to  a  multimeter.  The  multimeter  however  is  able  to  tost  on  a 
Through’  basis  whereas  the  conventional  optical  power  motor 
operates  In  ‘torm’  mode.  The  ’Clip-on*  laps  therefore  represent 
the  equivalent  of  the  high  impedance  Input  of  the  multimeter  and 
permit  true  non-intrusive  or  ’through’  power  measurements  lo  be 
made. 

CHp-on  Power  Meter 

British  Telecom  is  currently  preparing  a  field  trial  ol  a  shared 
fibre,  local  network  (7).  The  trial  system  will  make  use  ol  signals 
at  three  wavelengths,  these  being  1300nm,  1550nm  and  1575nm 
for  telephony,  broadband  services  and  test  purposes  (8) 
respectively.  It  Is  envisaged  that  Initial  commisioning  tests  will  be 
intrusive  at  1300nm  and  1550nm  with  subsequent  live 
maintenance  carried  out  non-inlrusively  at  1575nm.  Owing  to  the 
significant  mechanical  differences  between  the  Intrusive  and 
non-intrusive  taps,  we  have  demonstrated  separate  instruments 
for  each  type  of  measurement  and  wavelength. 

It  is  possible  to  write  a  basic,  common  specification  for  the  power 
meters,  the  requirements  are:- 


•  accurate  and  rap*  a  table  measurement 

•  Insensitivity  to  the  position  of  the  fibre  In  the  specification 
•window*. 

-  Insensitivity  to  the  fibre  ceating-'colooring. 

•  operation  over  a  wide  temperature  range. 

•  sympathy  with  the  fibre  coating 

•  rejection  of  alt  unwanted  signals  on  the  fibre. 

•  handheld,  rugged,  field  usable  device 

To  comply  with  this  specification  we  can  seiect  a  tap  which  Is  most 
applicable  to  each  type  of  instrument  and  yields  the  most  accurate 
and  repeatable  measurement. 

Intrvsk *  Power  We  ter:  The  macrobend  tap  was  selected  on  the 
grounds  of  good  mechanic*!  repeatability,  ease  with  which  the 
majority  of  the  core  power  could  be  extracted,  minimal 
wavelength  dependence  at  small  radii  and  similarly,  tow 
sensitivity  to  the  position  of  tha  fibre  In  the  specification  •window’ 
al  smal  radii  (i.e  since  nearly  alt  ol  the  power  In  the  core  has 
been  extracted). 

At  a  radius  of  approximately  3mm  and  arc  ol  120  degrees  the 
insertion  loss  Is  always  in  excess  ol  I8d8  even  In  the  most  bend 
Insensitive  fibre  at  l300nm.  The  collection  efficiency  was 
approximately  tO%at  l300nm. 

Non-intrusive  Power  Meter:  For  this  instrument  the  single  sharp 
bend  tap  was  used  on  the  basis  of  its  high  coupling  efficiency  and 
low  sensitivity  to  the  position  ol  the  fibre  in  the  specification 
’window’.  The  single  bend  subtends  an  angle  of  174  degrees  and  at  a 
pressure  of  150  grams  the  insertion  toss  was  a  maximum  ol  2d6 
al  1550nm  in  the  most  bend  sensitive  litre.  At  l3G0nm  tha  loss 
was  loss  than  0.6dB  and  overall  collection  efficiency  was 
approximately  48%. 

Acctincx 

In  both  power  meters  we  have  Identified  four  elements 
contributing  to  accuracy  of  power  measurements:- 

•  mechanical  repeatability 

•  variation  in  fibres  propagation  parameters 

•  absorption  of  fibre  coatings/colourings 

•  temperature  variation 
Considering  each  In  turn. 

Mechanical  repeatability:  is  due  lo  improper  fibre  handling  and 
alignment,  mandrel  pressure  and  mechanical  tolerances.  For  a 
repeated  measurement  o(  waveguide  collected  power  for  constant 
fibre  core  power  we  have  attained  a  SD  of  5.3%  for  the  Intrusive 
dovice  and  5.8%  for  the  non-intrusive  device. 

Propagation  parameters:  Is  duo  to  variation  In  the  position  of  the 
fibre  in  Iho  specification  ‘window’  which  results  in  variable  bend 
losses.  For  ihe  intrusive  device  the  et.’ect  is  minimal  since  In 
excess  of  90%  of  Ihe  core  power  Is  extracted.  Tho  non-intrusive 
device  typically  displays  a  standard  deviation  of  8%  from  a  fibre 
in  tho  centre  of  the  ‘window’. 

Colour  variation:  as  a  result  of  the  fibre  colouring  process  the 
losses  from  fibre  through  coating  to  detector  vary  significantly 
(table  1).  Between  one  batch  of  colours  a  12.5dB  variation  Is 
typically  observed.  To  minimise  both  this  and  propagation 
parameter  variation  a  fibre  calibration  facility  has  beon 
incorporated.  In  this  a  measurement  can  be  made  against  a 
recorded  calibration  parameter. 

Temperature  variation:  will  mainly  affect  tho  optical  receiver 
since  a  DC  coupled  design  is  employed.  A  temperature  monitoring 
facility  Is  included  which  recalibrates  accordingly. 
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A  jumm ary  cA  standard  deviations  for  th*  low  sources  in  taw  i* 
given  In  table  2. 


Intrusive 

Non-intruslve 

iasitumaci 

tastiumaoi 

Mechanical 
variation  (om) 

5,3% 

5.8% 

Fibre 

2% 

8% 

specification  (o,) 

Coloured 

4% 

4% 

coating*  (o^ 

Temperature 

drih(o,) 

2% 

2% 

Table  2.  SO  of  etrw  sources 


Insiwamt  Performance:  The  overaS  accuracy  is  (hen  given  by:- 


The  resulting  ovoraB  accuracies  and  mean  sensitivities  are  given 
in  table  3. 


Sensitivity 

Accuracy 

Intrusive 

-45dBm 

0.3d8/?% 

Instrument 

Non-lntrusive 

•37d8m 

0.5dB/lt% 

Instrument 

Table  3.  Overall  accuracies 


fioncluiloni 

We  havo  demonstrated  two  types  oi  optical  taps  with  contrasting 
optical  and  mechanical  performance.  Their  characteristics  havo 
boon  examined  in  rolation  to  three  operational  variables;  fibre 
propagation  parameters,  system  wavelength  and  fibre  coatings. 
Two  types  of  power  meter  havo  been  demonstrated  for  use  during 
the  commisioning  and  maintenance  stages  of  a  shared  fibre 
network.  Four  major  sources  of  measurement  error  wore 
quantified  along  with  an  overall  accuracy  for  each  typo  of 
instrument. 


The  variability  of  bend  loss  and  fibre  coatings  have  been  identified 
as  error  sources.  In  future  it  may  bo  advantageous  to  mote  tightly 
control  these  parameters  by  a  revision  ot  the  fibre  spedficatfoin. 


The  authors  would  Ike  to thank  Paul  Botham  for  theoretical 
studies,  Phil  Steward  and  Roland  Downing  tor  mechanical 
development  and  the  Directw  of  Research  tor  permission  to 
publish  this  paper. 
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ANALYSIS  OF  STABILIZER  CONCENTRATIONS 
IN  POLYOLEFIN  CABLE  MATERIALS 

K  D  DyeW.J  K«k".F  C  SeWing".  M.  C  <W\  and  L  B.  Loan" 
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mmsz 

T»#  analytical  technique*,  *  ft**  high  rtwtaftM  nuclear  magnetic 
Irteftftftee  (NMH|  l*«lh«d.  ftftd  high  kgUid 

chremamgraphy  iHPtX)  have  be**  u*«d  in  develop  pr%x*de»*e  hr 
the  analyses  el  the  aniwxidafti  itirftki*>«thyl*ft«{l<S-dM*«* 
>miykXydfufty-hydKKm«*mai*).  methane  (AO-I)  and  the  KM  ft) 
deacMvawr  NVN^hu>{j,.y.dH*rvbui)bft-hydfi*ypb«ftjl>- 
pr*paay‘,hHr**inc  (MO-I)  in  pob^W**  table  maimab- 
Agreement  Mweru  the  two  imM>  *  r*ceSe»t  and  tk*y  bac* 
be**  need  l#  mevure  ike  elf «m  el  manufacturing  p«Ke*e**  tnd 
agmg  ee  Ik*  depletion  el  HakiUtew  from  DEPtC  (Dual  Kvtruded 
PUettt  Insulated  C#I«m)  cable  mcnUtte* 

f>»pl»iMi  el  *tabdi*»f*  trm  ike  MueUiew  k  shu*n  i#  ke  due  m 
three  mecbantem  thermal-nxidaiive  degradation  peueeoe*. 
chemical  feacllaft  with  ike  blowing  agent  used  M  expau 4  ike 
mmlMmn.  and  eeimtten  el  ike  additive*  by  ike  cable  fiMiftg 
rum  pound  Tk*  m*wt  significant  red  adieu  ift  stabiliser 
cUKeftlralit*  u  ob*»rvvd  seller  none  el  ike  Insulation  ift  fiUtftg 
rijwyti^iFif 


INTRODUCTION 

fVdyeihykae  cable  material*  »»r  m«rpiibie  t«t  thermal  ottidntlvt 
degradation  during  hoik  prtxe»*ittt  *e4  «nd  v*1 ,  Prqtettioft 
from  this  degradation  may  be  achieved  by  ike  Wcoepoeatioft  el 
suitable  Mftbiiiter  system*  into  ike  material*.  Tke  stabiliser 
system  most  commonly  employed  in  *i»e  m4  cable  nunerkk 
ceutku  el  an  antkixidnfti  and  »  metal  denotvatoc,  »i 
concentration*  H  about  Q.l-0.3*e  by  weight,*.  Measurement  o I 
stabiliser  toft<fftir»<io*<  U  m  essential  component  ift  ike 
development  el  an  understanding  el  degradation  M«<kafti(Mi; 
unfortunately,  ike  quantitative  analytic  a|  polyolefin  stabilises*  i* 
difficult  Mo*t  el  ike  problem*  can  ke  traced  te  ike  folio* lag 
tkree  factors,  ike  presence  el  ike  stabiliser*  in  a  relatively 
insoluble  polymer  matrix,  Ike  high  reattivity  and  lo*  nakiliiy  of 
ike  stabiliser*,  and  tke  lo*  stabiliser  loneentraiioft*  ^ 

Several  "inritu*  spectroscopic  analytical  scheme*  kavt  been 
propoeed  in  attempt*  te  overeome  tke  difficult**  cawed  by  ike 
iatoluble  polymer  matrix  Tb»*e  method*  cotuiei  el  preparatioa 
ol  a  tkiii  film  of  the  polyw^-  follewcd  by  either  UV  or  IR  a»aly»ii. 
;  Joel  ol  the  commonly  uicd  antioxidanu  aboorb  ttree|ly  in  tke 
l.'V  ipectrum,  however,  the  abtorptioo  band*  ol  many  atabiliier* 
iwerlap  wd  thi*  method  U  rarely  applicable  lo  multicomponent 
jr/»wm*  \  IR  analyiii  u  more  functional  group  tpecific  than  UV, 
but  quantitation  depend*  on  the  pretence  of  unique  interference' 
free  band*  for  tack  component,  to  be  mta*urcd^.  Thi*  criterion  it 
utually  difficult  to  mctl  in  cable  material*,  at  they  contain  moce 
than  one  itabiliier  in  addition  to  various  blowing  agent*  and 
pigment*. 

These  observation*  suggest  two  courses  of  action:  development  of 
a  moce  sensitive  analytics]  technique  to  allow  analysis  in  the 


pretence  «f  the  pniymef  #r  mmUm  nf  the  etshWtee*  turn  Ike 
p«lymer  matrix.  P'etWwmg  tke  fim  appfftaek,  a  ne*  kigk 
reeuifttimt  ftucWtr  magneik  woftaftte  method  far  ike 

dttect  dturmtftatftm  el  atabilieer  levels  has  retefttly  keeft 
ifttnduced^  This  method  employs  selective  signal  sopprsaiton  u 
allow  tke  direct  del ermtft alien  el  ssakikser  level*.  Several  autkers 
kave  presented  methods  Wa*e4  on  tstruclim  falla*id  by 
qnantttatieft  using  high  peefsrmance  HquM  ckramstagrapky 
(IttT.C)*'*^',  Tbre  i*»  technique*  have  keen  used  in  this  week  in 
study  the  effect  ftf  tke  manufacturing  pewcess  aied  of  aging  an 
stakikter  levels  in  DKRlt*  (Dual  K* traded  Pkmtk  InauMed 
Conductor)  table  materials1*. 

EXPERIMENTAL 

Malaria's 

Tke  stakiliters  in  this  study  were  used  as  received  and  included 
the  following.  Irganon  1010,  tetraki*;metkylefte(a>dhlefvbuiyl- 
d-hydroe)'kydnKinnamate),'metkane  (AO>l),  leganov  I  tot. 
N,N'.bi*X?>l‘.di-itrt-hety|>4.hydrwaypheftyl)pt«paftyl]kyde*tiftt 
(MD-I),  and  Irganmt  IfBJ.  ikiudietkylene  ki*(SlkdiHerf>kutyk4- 
kydroxy-kydrocinnamate)  (AO-1),  The  patyethytene*  uaad  in  ike 
Standard  samples  were  high  density  suiid  (PKt-IO)  and  expandable 
(EREMI)  base  resins  obtained  from  Ike  cable  Insulation 
manufacturers.  The  DERIC  cable  materials  exaaiifted  were  solid 
and  expanded  polyethylene  insulations  and  mended 
thermoplastic  rubber  (RTPR)  filliag  compounds1*”.  Tke 
insulatiosw  were  stokilited  with  AO-1  and  JUD-t  and  tke  filling 
compounds  were  subdued  with  AO-1.  The  expandable  Insulation 
resins  abm  contained  an  uodkarVonamide  blowing  agent. 

Analytical  Teckalouaa 

NMR  Analysis  -Tke  NMR  data  were  recorded  on  a  JEOL 
CX-W  Spectrometer.  The  materials  wtr*  studied  in  aa  10:10  (by 
volume)  mixture  of  cu-decaliirp-dioxnfte-d,  at  lll’C,  This 
mixture  is  a  good  soivtnl  for  tke  additives  and  cable  material*  a«d 
provided  a  stable  deuterium  lock  signal  for  tke  NMR 
spectrometer.  Hex amet b y Id atiox aa e  (HMDS)  was  used  a*  the 
internal  reference.  The  ttaadard  solution  used  in  this  study 
contained  0.1  wt  %  of  AO- 1  and  MD-1  and  10.0  wl  %  of 
poiyetkyleae  base  resin.  To  determine  additive  concentration,  lea 
percent  by  weight  solution*  of  tke  various  polymeric  ftmlerial* 
were  prepared.  Sample  solutions  were  made  in  a  nitrogen 
atmosphere  and  the  lube*  wert  Mated  with  paraffin  film.  Aa 
NMR  puUc  sequence  was  tued  for  Mlective  signal  suppression  of 
tke  polymer  and  solvent  resonance*  and  tke  intensity  of  tk* 
resonance*  after  S00  Kan*  was  liken  ns  tke  measure  of  additive 
concentration. 

HPl.C  Analysis  -HPLC  analysis  consuted  of  two  steps: 
extraction  ol  the  itabiliier*  from  tb*  polymer  matrix,  followed  by 
HPLC  quantitation.  Extraction  was  perfocmed  by  a  modified 
version  of  the  method  prcMnted  by  Peck  mod  DeWitt  in  IMO'11. 
Sample*  were  ground  to  -30  mesh  in  n  Wiley  mill,  nod  one  gram  of 
tke  ground  polymer  was  tbtn  heated  undtr  nitrogen  in  100  mi  of 
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Mtatoft  iefa«*«  d**4utie«  occurred  Tht  «4uU@r  •*** 
timmvi  ftm  heat,  and  1W  ml  KHihfMKd  *m  added  (csder 
iuw«(4i]  w  pre<»ptiai*  the  After  c<mh*g  »  mm 

IcmpvfMUtV,  the  mixture  WJM  (titlt*  H*i*g  *  045  p* 
pelyirfe*fkM»fiMby>*u«  Wuf  Tke  fdtrate  *m  taken  w  4fynwa 
under  and  the  r**4ue  wa#  brought  up  id  10  ml  '•ilk 

methanol  The  *ampk  *a*  filtered  with  *  0  3  pm  syringe  filler  and 
Mi  wi*nm  volume  ef  SO  *•(  wa*  «**d  Ittl.C  aaxlyn*  *a* 
M  mm  uuftttWtt  #u  n  SV*«#ffi  eyaiem  r^meuing  «f 
•  mod*l  110  pomp.  m#<M  700  WtSF  and  a  Maxim*  *2Q 

data  HMttH  A  Water*  mal't  4W  IT  deled**  ***  i *.<4  |<w 


detectm*  m  a  fixed  wavelength  «f  2*0  mm  The  column  hi 


raa>i*u4  *4  a  9  9  urn  x  3Q  m  W»in*  ptkndapak  c 
phase  fitted  '•nk  a  f*o»rd  l*ak  prccnlomu 


leVet*-? 

Iff  Au 


teomiK  m>kik  phase  4  meth*u4  with  l*«  neeik  and  and  1*^ 


water  *m  o*ed.  *i  a  I  Q  «al  a».«  fkjw  rale  Niixed  liquid  standard* 


hh  pr,p*;»d  la  mtik*u4.  at  concentratum*  ceertspoodmg  la 
005*^,  0  life.  o  ut.  OSSt.  0«t.  and  0  Sot  r*rb  4  ACM  and 


MO-1 


Film  fwtwiilwi 


NMR  Analyst*  -Laminate*  4  expandable  a*d  aopcxpaudallt 
ItriFL  .-ouiainmg  xtasdard  r«u«nirailo**  4  A«-l  and  Mt)-I  wrr* 
prepared  by  moMmf  p«ll<**  between  chemically  cleaned  copper  ar 
aluminum  sheet*  The  sheet*  <•*«  cleaned  by  iwanr»Wn  in  an 
alkaline  detergent  *k<ito-<l**Uer  with  application  of  a  5  A 
«a«* at  far  5-10  *, »  4«iaaii*4  water  rinse  and  immersion  In  n  5 Ot 
||C1  solo  turn  far  20-3P  s.  nod  ik*n  a  second  am**  nan  These 
procedures  a*i*  repeal  aaul  ike  mcinl  »arf»c«  **i  evenly. 
kk**U  «ti<  4ri*4  auk  niirog*n  an4  *u<p*n4c4  In  air  la  prevent 
cuMtutniaaiian  (M!<u  (2  gramt)  a*rc  »a4'*kk*4  k*ia*«a  ike 
mtul  «k*«u  *n4  taol4«4  far  «n<  nuaui*  un4*r  pm*at«  (2S0 
Ik*  *q  In)  in  an  ckciilc  pie**  at  200-215  "C  Tk«  *an4a|<k  wa* 
r*movc4  an4  tw4*4  «n4«r  pimaie  ta  amliint  wmptraiurc.  Tkc 
Uaanau*  a»i<  *<parai*4  an4  ike  (wlycikylcn*  f4w*  (*  totU)  uh4 
for  NMR  an»Jy*M  Foaming  ef  ike  *xpan4akl*  polycikyUne  aa* 
canfn m«4  ky  vuual  vxaminailon 


RESULTS  AND  DISCUSSION 


Aaalyalo 

Fkcnolie  *uk4u*ni  can  readily  ke  Ideittificti  uiing  a  klgk- 
iteoluiKin  NMR  ipectrameler  operated  at  klgk  magnetic  Held* 
Tke  proton  tpecira  of  ikre*  common  itabiliier*.  AO-I,  MD-1  and 
AO-2,  me  akoan  in  Figure  I.  For  AO-I,  tk*  retonancc  of  tke  3- 
mcikyknc  proton*  at  3.02  ppm  I*  unkpic  to  tkat  itabiliier  and  for 
AO-2  koik  tk«  3-metkylenc  proton*  at  t.0#  ppm  and  tke  t- 
metkylene  proton*  at  2.S9  ppm  permit  identification.  Tke  2- 
metkyleae  proton*  of  AO-I  and  AQ-2  rcnonat*  at  2.t<  ppm,  '•kilt 
tko*«  proton*  in  Mt)-I  generate  peak*  at  2.33  ppm,  tku*  providing 
identification  of  tkat  tiabiliicr.  The  apeetrum  of  a  atabilited 
polyethylene  *ample  akow*  that  tke  re*onance*  unique  to  each 
additive  are  obtcrvtd  (Figure  2).  fly  companion  with  ypectra  for 
•ample*  with  known  amount*  of  the  additive*,  tke  peak  inteniitit* 
of  tke  metkylene  proton*  were  uted  to  determine  additive 
concentration. 

Identification  and  quantitation  of  tbe  tiabiliicr*  wa*  alto 
Mraightforward  with  tbe  IIPLC  method.  No  interference  vu 
found  between  AO-l,  AO-2,  or  MD-I.  Tke  ckromatogram*  were 
liable  and  reproducible  with  good  peak  reparation  for  both  liquid 
ttandard*  and  polymer  extract*  (Figure  3).  Quantitation  wa* 
performed  from  peak  area*  by  compiruon  of  aamplc  peak*  to 
calibration  curve*.  Accuracy  of  the  retention  time*  and 
quantitation  routine  were  verified  by  frequent  injection  of 
standard  solutions. 


7*9*31 
ppm  w  TMS 


Figure  I  SCO  Mils  'll  NMR  iptttra  4  (a)  AO-I.  |k)  MD-I.  and  (e)  AO-2 
is  WiOtby  Y»4) mature 4  r»-d<«»!m  y-di..«»n*-f#al  U5"t* 


TO  •*  «(  IT  tn  IT  II  15  z.4  u 


**n  vt  TMS 

Figure  2  500  MHt  'll  NMR  spectra  cl  a  commercial  stabilised 
polyethylene  product,  solvent  and  temperature  as  m  Figure  I.  see  Figure 
I  (or  structural  designations  (s  and  p  icier  to  solvent  and  polymer 
respectively) 
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Figvte  3  Cblirnwgrunt  et  (a)  *nx«J  standard  MluUvn  (OSS'*  each  cl 
AO- 1  an  4  MO'S)  in  Mtlhan-d,  mi|  (h)  polymer  extract  (tool  PE# 


Reproducibility  of  the  extraction  method  *m  found  to  he 
excellent.  Twenty  three  duplicate  samples  of  a  solid  polyethylene 
raw  material  (PE3)  were  analyied,  and  the  range,  mean,  and 
standard  deviation  determined  for  each  additive  (Table  I).  The 
accuracy  of  the  HPI.C  method  was  verified  by  comparison  with 
values  obtained  by  NMR  and  excellent  agreement  was  found 
(Table  2). 

Table  I. 

REPRODUCIBILITY  OF  HPI.C  RESULTS 


%AO-l 

0.22 

0.21 

0.21 

0.19 

048 

0.18 

0.19 

0.'9 

0.19 

049 

0.18 

0.20 

0.13 

049 

048 

0.18 

0.19 

0.18 

049 

048 

0.18 

0.18 

048 

Mean 

0.IS3 

Range 

0.10-0.22 

a 

0.020 

‘cMD-l 

0.20 

049 

049 

0.19 

049 

049 

020 

048 

047 

049 

048 

049 

048 

0.20 

049 

048 

048 

0.18 

048 

048 

U48 

048 

048 

Mean 

0480 

Range 

047-0.20 

O 

0.003 

Analysis  of  solid  and  expandable  polyethylene  raw  materials  from 
two  suppliers  showed  lot  to  lot  variation  In  stabiliser  content 
(Table  3).  Supplier  H  tended  to  furnish  material  that  was 
consistently  lower  in  stabtliier  content.  Material  from  both 
suppliers  was  lower  in  MD-I  concentration  than  AO- 1 
concentration. 

Table  3. 

CONCENTRATION  (%)  OP  STABILIZERS 
IN  RAW  MATERIALS 


NMR  "  1 

IIPLC  | 

Material 

AC-1 

MD-I 

AO-I 

MD-I 

Supplier  A 

PEI 

0.20 

0.2Q 

0.31 

0.30 

PE3 

0.1* 

0.20 

0.22 

0.31 

PE3 

04* 

0.19 

PK4 

0.19 

0.19 

PK5 

0.33 

0.1* 

PE8 

0.31 

0.19 

PE7 

0.1* 

0.31 

RPKI 

0.20 

0.20 

RPE2 

049 

0.11 

Supplier  H 

PR* 

0.13 

0.13 

PE* 

0.31 

0.1$ 

EPE3 

043 

Q.I3 

EPE4 

0.13 

041 

EPES 

O.U 

0.11 

EPE* 

0.15 

0.11 

EPB7 

0.31 

0.15 

EPE* 

<5 

0.13 

Stabiliser  Loss 

Processing  affected  the  concentration  of  both  additives.  After 
extrusion  the  concentration  of  the  additives  was  about  11%  lower 
in  the  insulation  than  in  the  raw  materials  (Table  3),  based  oo  the 
assumption  that  34  AWC  wire  is  composed  of  about  4S%  solid 
and  55%  foam.  The  cabling  and  filing  process  slightly  decreased 
the  additive  concentrations  in  the  insulation  (Tabic  4). 


Table  3. 

CONCENTRATION  (fj)  OF  STABILIZERS 
AFTER' EXTRUSION1 


SOLID 

FOAM 

INSULATION  | 

Material 

AO-1 

MD-i 

MD-I 

AO-I 

PKI/EPB4 

049 

049 

0.13 

ran 

044 

0.11 

PE5/EPE5 

0.23 

0.16 

0.1-1 

043 

0.16 

0.11 

PE6/EPE6 

0.2! 

0.16 

0.15 

la 

0.09 

0.15 

PE8/EPE7 

0.21 

045 

0.15 

0.12 

047 

043 

PE7/EPE8 

0.21 

0.18 

0.15 

0.12 

’Determined  by  11PLC 
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T*bm. 

CONCENTRATION  t%)  OF  STABILIZERS 
AFTER  CABLING* 


TnbleS. 

EFFECT  OF  APING  ON 
CONCENTRATION  (ft)  OF  STABILIZERS* 


t  INSULATION 

f"  CABLE i 

Material 

ACM 

MM 

AO*l 

MINI 

PKt/EPF.IO 

(Tio* 

ow 

ooe* 

O.M* 

|  PEW/EPEll 

O.U* 

0.J4* 

o.or‘ 

0.C7* 

*  Determined  by  NMR  *  Determined  by  HTtC 


Aging  in  filling  compound  at  elevated  temperature*  dramatically 
reduced  tb«  concentration  of  lb«  additives,  Tbc  rctulu  of  two 
different  aging  ttudk*  arc  shown  in  Tabic  S,  Whtn  insulation  wm 
aged  in  air  for  it  day*  at  70  *  C,  (here  wan  slight  redaction  in  AO* 
I  and  MM.  However  aging  tbc  insulation  in  a  large  excess  of 
filling  compound  for  it  dayt  at  70  *  C,  r vaulted  in  a  tignificani  lore 
of  AO*l  and  MM.  Similar  result*  were  obtained  when  a  cable 
WM  aged  for  it  day*  at  70 "C  Chromatogram*  of  cabled 
material  before  and  after  aging  arc  tbown  in  Figure  d. 


Figure  *  Ciit'.ma'.'.tiit.'iS  •  t  (j)  ituliluer  rxlr.nl  fivtn  standard  cable 
insulation  (I'EIO/EI’Ell)  and  {l)  table  il.culaU.-n  alter  a6ing  at  •  0 ’ C  fur 
■-‘8  dajfl 


PKIO/RPRII 

PIC4/BFIU  1 

ACM 

MD-I 

AO-I 

MD-I 

nHH|| 

m 

•  It 

Alt 

All 

isl 

AM 

AM 

AM 

* 

* 

$M 

*'Aai 

Cable 

•initial 

AOT 

At? 

* 

• 

■alter  *  week*  aiTO'C  in  liilm*  cpd 

AM 

• 

* 

Determined  by  I0M.C 


Analytic  of  lb*  filling  compound  from  aged  cable*  explain*  lb*  low 
concentration  of  AO* I  meatured  in  tbc  insulation  sample*.  NMR 
spectra  (Figute  5)  of  unuted  filling  compound  nnd  of  filling 
compound  from  a  cable  manufactured  in  IMS  ebow  tbnt  during 
itorage  a  significant  amount  of  AO- 1  bad  been  extracted  from  the 
insulation.  However,  little  MD-I  wm  found  in  tbc  fitting 
compound,  confirming  prtviou*  studies15 ,1S!  that  have  *bown  AO* 
I  to  be  extracted  by  hydrocarbon  material*  mote  readily  than  Sa 
Mt)*l.  HPLO  aaalyti*  of  a  filling  compound  extract  from  an  aged 
cable  give*  similar  result*.  For  the  HPLC  aaalyti*  of  tbc  filling 
compound,  tbc  extraction  technbpie  wm  the  same  a*  that  used 
with  polyethylene.  Thl*  method  mutt  be  eontidered  to  be 
*emi<puuil(aiive,  m  the  oily  fraction  i*  only  partially  tolublc  in 
methanol,  and  complete  tvparntlon  it  impossible.  Figure  •  give* 
the  chromatogram*  of  tbe  filling  compound  extract*  of  a  standard 
cable  before  and  after  aging  for  26  day*  at  7Q*C.  Peak*  for  AO-I 
and  MM  art  clearly  evident,  and  correspond  to  concentration!  of 
about  O.OS  xnd  (Wife,  respectively. 


tHO^-CMe-WjXo-CHj-cSjFj* 

ao-r 


t*m  H  TWS 


Figure  5  500  Milt  ’ll  NMR  spectra  cl  (a)  ETPR  tilling  compound  and 
(b)  (tiling  compound  removed  from  a  cable  manufactured  in  1965 
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Figui*  0  Chivt»»U*iASi<  cl  (al  extract  (cm  filling  compound  in  n 
recently  matuilattuicJ  cable  (I’KIO/KI’KII)  mu!  (b)  «imi  Insm  filling 
ernputtd  in  the  same  cable  aged  al TOT  l.r  Jj  thyj 


Film  Studies 

The  loss  of  Ml)- 1  from  the  insulation  during  aging  cannot  he 
attributed  to  extraction  only,  met  little  MD-1  wax  fount!  in  the 
filling  compound.  Other  proewse*  must  be  contributing  to 
depletion  of  the  metal  deactivator.  Analyiit  of  Inflation  after 
extrution  showed  a  decrease  in  the  concentration  of  MD-I, 
indicating  that  interaction*  between  the  atodicarbonamide 
blowing  agent,  MD-1  and  the  copper  may  occur.  To  test  this 
tlieor;',  polyethylene  pellet*  with  and  without  blowing  agent  were 
molded  agaimt  electrocliemically  cleaned  sheet*  of  copper  and 
aluminum.  The  molding  conditions  were  similar  to  those  used  in 
the  manufacture  of  expanded  insulation,  however,  the  metal  to 
polyethylene  ratio  was  significantly  greater  than  that  found  in  an 
insulated  wire. 

Analysis  of  the  polyethylene  films  showed  that  the  residual 
concentrations  of  the  additive*  were  significantly  affected  by  the 
molding  conditions.  Molding  polyethylene  against  copper 
substantially  decreased  the  concentration  of  MD-1  and  the 
addition  of  blowing  agent  completely  destroyed  the  deactivator  in 
the  foamed  polymer  (Figure  7  and  Table  8).  This  depiction  is 
considerably  less  in  insulation,  which  has  a  lower  copper  to 
polyethylene  ratio  (Table  3). 

Molding  against  aluminum  had  less  effect  on  the  deactivator  level. 
The  loss  of  AO-1  during  molding  was  not  a*  severe.  On  aluminum 
the  decrease  in  antioxidant  concentration  was  similar  to  that  of 
the  deaclivator  and  was  not  accelerated  by  addition  of  the 
blowing  agent.  On  topper  there  was  less  Iocs  of  AO-1  than  MO-1. 


Figure  7  300  Mil:  'll  NMW  rptetra  of  (t)  pvlycthyltae  pellets,  (b) 
polyethylene  ttuldcd  <*  aluminum,  and  (c)  polyethylene  molded  on 
upper 


Table  C. 

CONCENTRATION  (9t)  OF  STABILIZERS* 
IN  POLYETHYLENE  FILMS 


MATERIAL 

AO-1 

MO-1 

PE  Pellets 

0.20 

0.30 

PE  on  Al 

0.13 

0.15 

PE  on  Cu 

0.H 

0.09 

PE  and  AZO  Pellets 

0.20 

0.10 

PE  and  AZO  on  Al 

0.15 

0.15 

PE  and  AZO  on  Cu 

0.11 

0.00 

*Determined  by  NMR 


Cabins 

Additive  concentrations  were  also  measured  in  DEPIC  cables 
manufactured  earlier  (Table  7).  The  concentrations  of  AO-1  and 
MO-1  in  the  insulation  bad  roughly  decreased  to  the  same  level, 
with  one  exception,  and  were  higher  than  the  values  measured 
after  aging  cable  for  28  days  al  70  *C  (Table  5).  Analysis  of  the 
filling  compound  showed  that  both  of  the  additives  had  been 
extracted,  with  the  AO-I  present  at  a  greater  concentration  that 
the  MD-1.  No  AO-2  was  found  in  the  insulation  samples. 
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TV,w  7, 

CONCENTRATION  (%)  OF  STABILIZERS  IN 
CABLE  MATERIALS* 


INSULATION 

Dale  of  Manufacture 

ISM 

ISM 

ISM 

ACM 

0.04 

not 

0.05 

MD-I  ■ 
0.04 

0.04 

0.01 

FILLING  COMPOUND 

Dale  of  Manufacture 

AO-I 

MD-I 

AO-2 

IBM 

0.08 

*  0.02 

0.20 

ISM 

0.15 

-.0.05 

0.10 

^Determined  by  NMR 


CONCLUSIONS 

Two  analytical  lechai-iuct:  *  new,  high  rmolulion  NMU  method, 
and  HPLC  analysis,  have  been  used  to  determine  stabilitcr  leveU 
In  polyolefin  table  ‘.niuUlioon.  Excellent  agreement  belwetn  the 
two  methods  hM  been  found  an4  they  have  been  used  to  measure 
the  the  effect*  «f  manufacturing  processes  and  of  aging  on  the 
depletion  of  atabilitcra  from  DKPIC  cable  inaulation. 

Three  mechanism*  contributing  to  iht  depletion  of  atabilitcra 
from  DKI’IC  cable  matcriala  were  identified:  thermal-oxidative 
proceaaea,  chemical  reaction  with  the  atodicarbonamlde  blowing 
agent  and  copper,  and  extraction  by  the  filling  compound.  During 
extrusion  both  antioxidant  {AO- 1)  and  metal  deactivates  (MD-I) 
concentrationa  are  diminished.  The  depletion  of  antioxidant  ia 
due  mainly  to  thermal-oxidative  proceaaea,  while  the  depletion  of 
metal  deaelivator  ia  a  reaull  of  thermal  oxidation  and  interaction 
with  the  blowing  agent  at  the  copper  interface.  Stabiliser  loaa 
during  the  cabling  operation  it  attributed  primarily  to  dissolution 
of  the  atabiliiera  In  hot  filling  compound,  although  tome  depletion 
by  thermal-oxidative  degradation  may  occur. 

The  moat  significant  reduction  in  mabiliicr  concentration  la 
observed  after  aging  insulation  r.t  elevated  temperature*  in  the 
pretence  of  filling  compound.  All  three  depletion  mechanitmt 
operate  during  aging.  With  unfilled  fable  core*,  thermal-oxidative 
procettct  lower  ttabiliter  concentration  slightly;  however,  with 
filled  eablc*  extraction  of  the  ttabiliiert,  particularly  AO-I,  by 
the  filling  couipouud  it  the  major  cause  of  ttabiliter  loot. 
Extraction  by  filling  compound  can  not  completely  explain  ,MD-1 
depletion.  Chemical  reaction  of  the  deaelivator  with  the  blowing 
agent  and  copper  conductor  it  also  a  major  contributor  to  metal 
deaelivator  depletion. 
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ABSTRACT 

Tha  hydrolytic  stability  of  polybutylene  lerephthaiate  (PBT)  and 
polycarbonate  reelns  was  evaluated.  Rais*  erf  reaction  wara 
monitored  through  changas  in  alongatlon  to  break  and  matt 
how  index  (MFl).  Ova  to  tha  continuous  nature  ot  tha  MFI  vs. 
lima  curves,  tha  time  to  WeHme  endpoint  could  be  extrapolated 
before  the  material  had  degraded  to  that  point.  This  slg- 
niftcantfy  reduces  tha  lima  to  make  a  Wetime  prediction. 

BACKGROUND 

Long  term  prediction  ot  polymeric  malarial  behavior  Is  ot  par* 
tkuiar  importance  In  tha  cable  Industry.  Cables  are  commonly 
expected  to  have  Held  lifetimes  ot  up  to  40  years  white  exposed 
to  many  possible  combinations  ot  temperature  and  humidity. 

H  Is  desirable  to  predict  a  material's  useful  lifetime  In  a  rela¬ 
tively  short  period  of  time.  The  prediction  Is  typically  made  by 
placing  a  material  In  an  envkonmeM  similar  to  actual  field  con¬ 
ditions  and  Increasing  the  temperature  to  accelerate  any  reac¬ 
tions  between  the  material  and  Its  environment.  A  Wetirne 
endpoint  is  chosen  based  on  the  time  to  reach  some  limiting 
value  of  a  critical  property  such  as  tensile  strength  or 
elongation  to  break.  The  time  to  the  'Wetirne  endpoint*  as  a 
function  ot  temperature  Is  then  extrapolated  (via  Arrhenius)  to 
predict  Wstlmes  at  lower  temperatures. 

Polymeric  materials  In  cables  wilt  almost  always  react  with 
something  In  their  environment.  How  fast  anything  reacts  Is  a 
function  of  the  availability  of  reactants  (quantity  and  mobility), 
the  activation  energy  lor  the  reaction  and  the  temperature.  The 
predicted  lifetime  must  therefore  be  staled  as  valid  at  a  certain 
temperature  In  the  presence  of  a  certain  reactive  specle(s)  (e.g. 
40*C/water). 

Since  the  polymer  molecules  are  relatively  bound  In  the  solid 
state,  one  must  typically  depend  upon  the  mobility  of  some 
non-poiymerlc  (small*  chemical  species  to  make  any  reactions 
physically  possible.  Water  and  oxygen  are  two  relatively  small 
chemical  species  that  all  cable  materials  will  see  throughout 
their  lifetime.  Additionally,  cable  materials  may  come  In  contact 
(and  possibly  react)  with  Internal  cable  filling  and  flooding  com¬ 
pounds  and  with  various  chemicals  from  the  external  environ¬ 
ment. 

PBT  (polybutylene  terephthalate)  has  been  used  In  fiber  optic 
cable  buffer  tubes  for  many  years.  It  is  known  that  hydrolysis  Is 
a  primary  degradation  mechanism  lor  such  polyesters  (Ref 
t.2,3  &  4).  The  activation  energy  for  the  hydrolysis  of  PBT  has 
been  reported  by  Kelleher  et  al  (Ref  4)  to  be  25,1  kcal/mol.  This 


study  Indicates  that  this  activation  energy  Is  not  applicable  to  if 
PBTs  as  several  different  reaction  rates  have  been  observed  for 
PBTs  from  different  manufacturers. 

The  elongation  to  break  lor  these  PBT's  was  found  to  be  the 
moat  sensitive  mechanical  property  to  monitor  as  a  function  of 
aging  time  In  water.  The  tensile  strength  has  been  followed  by 
others  In  similar  studies  (Ref  t  i  3)  but  was  found  by  this 
author  to  be  degradation  Insensitive  until  the  material  became 
brittle.  A  typical  plot  of  PBT  elongation  to  break  as  a  function  of 
aging  time  In  water  at  60,  60  and  100'C  Is  shown  In  Figure  t. 
A  typical  plot  of  PBT  tensile  strength  as  a  function  of  aging  time 
In  water  at  60,  60  and  100'C  for  the  same  material  Is  shown  In 
Figure  2.  The  elongation  to  break  here  is  clearly  a  more  sensi¬ 
tive  Indicator  of  the  effects  of  degradation. 


Figure  t:  Elongation  to  break  as  a  function  of  aging  time  In 
water  for  a  typical  PBT 
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Figure  2:  TensNe  strength  at  a  function  of  aging  time  In  water 
for  a  typical  PBT 

The  atongatlon  to  break  at  a  degradation  monitor,  however,  Is 
lar  from  perfect.  In  an  aging  study  me  elongation  to  break 
values  between  the  Initial  elongation  and  zero  elongation  often 
have  extremely  high  standard  deviations.  This  Is  a  consequence 
of  the  Increasing  flaw  sensitivity  of  the  material  as  H  degrades. 
Flaws  could  be  surface  flaws  from  the  extrusion  of  test  strips  or 
from  Imperfect  edges  c<eated  when  the  'dumbbell*  tensile  test 
sample  Is  die  cut.  Flaws  could  also  be  Internal  to  the  polymer 
as  Impurities/Inclusions. 

•  Unaged  materials  are  relatively  flaw  Insensitive.  As  a  material 
degrades,  the  critical  flaw  size  necessary  to  cause  failure  In 
tensile  testing  decreases.  As  the  critical  flaw  size  decreases, 
the  number  of  flaws  of  critical  size  or  larger  Increases  and  the 
distance  between  these  flaws  becomes  smaller.  This  wilt  result 
In  small  standard  deviations  for  elongation  to  break  values  early 
In  the  degradation  process  (relatively  flaw  Insensitive),  large 
standard  deviations  for  intermediate  stages  of  degradation 
(large  distances  between  flaws  of  critical  size)  and  smaller  stan¬ 
dard  deviations  as  the  material  further  degrades  (Increasingly 
smaller  distances  between  flaws  of  critical  slza).  The  region  of 
highest  standard  deviation  In  an  elongation  to  break  versus  time 
curve  will  be  approximately  between  IS  and  85%  of  the  original 
elongation  to  break.  In  this  region  is  Is  Important  to  note  that 
the  material  Is  still  deforming  plastically;  that  Is,  at  this  stage  of 
degradation  all  of  the  material's  elastic  performance  Is  stIH 
available  and  being  used  to  resist  the  stress  being  applied. 

Because  of  the  high  standard  deviations  for  such  elongation  to 
break  data  and  the  non-contlnuous  nature  of  most  elongation  to 
break  vs.  time  curves,  the  curves  cannot  be  curvefitted  to  pre¬ 
dict  future  values  with  confidence.  Graphical  and  numerical 
methods  to  optimize  such  data  evaluations  have  been 
described  by  Nelson  (Ref  5,6  &  7)  and  Hahn  (Ref  8),  but  con¬ 
tinuous  curves  and  data  with  low  standard  deviations  would 
always  be  best. 

A  typical  lifetime  prediction  study  based  on  presently  accepted 
methods  could  be  carried  out  as  follows.  The  lifetime  endpoint 
for  any  material  Is  established  as  a  minimum  absolute  value  of 
elongation  to  break  or  as  a  maximum  allowable  percentage  loss 
In  elongation  to  break.  The  elongation  to  break  Is  charted  as  a 
function  o'  aging  time  and  the  time  to  the  endpoint  Is  deter¬ 
mined  with  some  accuracy  for  any  set  of  environmental  condi¬ 


tions.  The  material  lifetime  Is  then  plotted  as  a  function  of 
temperature  In  an  Arrhenius  diagram  (torn  which  lifetimes  at 
tower  service  temperatures  are  extrapolated.  The  practical 
problem  that  one  faces  with  this  approach  Is  that  It  may  require 
extremely  long  times  In  the  lower  temperature  environments  for 
a  material  to  reach  Its  endpoint  (up  to  3  years  or  more  for  a 
PBT  In  60*C  water).  Additionally,  for  an  accurate  lifetime  pre¬ 
diction  using  this  method,  due  to  the  Inability  to  accurately  ex¬ 
trapolate  mechanical  property  data,  the  sample  should  be 
removed  from  the  aging  environment  on  exactly  the  day  that  It 
reaches  Its  lifetime  endpoint.  This  means  that  a  large  number 
of  samples  must  be  prepared  so  that  samples  can  be  removed 
relatively  often  for  testing.  This  also  means  that  k  may  be  three 
years  before  one  can  make  a  Mfetimo  prediction  based  on  aging 
In  lower  temperature  (e.g.  60*C)  water. 

METHODOLOGY  OF  LIFETIME  PREDICTION 

Various  PBT's  were  evaluated  In  several  separate  studies  by 
monitoring  the  elongation  to  break  and  the  Melt  Flow  Index 
(MFI)  as  a  function  of  aging  time  in  water  at  60.  60  and  100*C. 
Monitoring  MFI  here  Is  very  convenient  because  water,  the 
most  aggressive  species  for  these  resins  In  the  normal  cable 
environment,  can  be  removed  from  the  polymer  by  drying  and 
will  therefore  not  Interfere  with  the  MFI  measurement.  The  MFI 
value  also  gives  an  indirect  but  accurate  Idea  of  the  extent  of 
degradation  Dial  has  occurred. 

AN  testing  (tensile  and  MFI)  was  conducted  on  PBT  strips  that 
were  Identically  extruded  and  aged.  After  aging,  the  tensile 
samples  were  allowed  to  condition  at  room  temperature  and 
50%  r.h.  for  a  minimum  of  24  hours  prior  to  testing  at  a 
crosshead  speed  of  20  mm/mln.  After  removal  from  the  aging 
water,  the  MFI  test  strips  were  dried  in  a  vacuum  oven  at 
100*C  and  25*  mercury  for  18  hours  and  then  measured  for 
MFI  at  250*C  with  a  2.16  kg  load.  Eight  grams  of  extruded 
sample  were  used  for  each  MFI  measurement.  From  these  data 
an  elongation  to  break  and  a  MFI  versus  time  curve  was  gener¬ 
ated.  The  elongation  to  break  curves  are  discontinuous  with 
coefficients  of  variance  (standard  deviation  /  average)  as  high 
as  200%  (see  Figure  t).  The  MFI  curves,  however,  are  con¬ 
tinuous  with  average  coefficients  of  variance  of  about  5%.  MFI 
vs.  aging  time  curves  for  PBTs  aged  up  to  60  days  In  60,  80 
and  100*C  viler  are  shown  In  Figures  3,  4  and  5.  Figures  3 
and  4  show  tt  e  actual  data  points  and  the  best  Ht  exponential 
regression  curves.  Little  change  In  MFI  was  observed  for  any 
material  In  60°C  water  In  this  time  frame  and  thus  the  data 
points  are  shown  connected  and  not  curvefftted  In  Figure  5. 
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Fjgurs  3:  MFI  at  a  function  of  lime  In  60'C  water  for  9  cBflor* 
cm  PCT.i 


ant  PBTs 


Fjgure  6:  MFI  at  a  function  of  lima  In  water  al  60,  90  and 
100*C  tor  a  typical  pofycatbonata 

Tha  MFI  wai  alto  found  in  this  work  to  bt  indicatlva  of  the 
mechanical  tlata  of  tha  malarial,  that  la,  a  certain  MFI  value 
was  found  to  correspond  with  a  certain  elongation  to  break 
value  regardless  of  the  water  aging  temperature  for  the  PBT. 
This  too  was  reported  by  KeMeber  at  al.  A  plot  of  MFI  vs 
elongation  to  break  for  a  typical  PBT  is  shown  In  Figure  7.  An 
Interesting  point  here  Is  that  although  all  of  the  PBT's  had 
similar  Initial  MFI  values  of  9  •  15  gMO  min,  the  MFI  values  at 
their  lifetime  endpoint  varied  greatly  from  90  •  250  g/10  min  at 
-10H  elongation  to  break. 


Figure  7:  Elongation  to  break  as  a  function  of  MFI  for  a  typical 
PBT 

Kelleher  el  al  (Ref  4)  reported  that  there  was  a  relationship 
between  the  MFI  and  aging  time  for  PBTs  In  water  and  that  as 
the  MFI  Increased,  so  did  the  rate  of  reaction.  They  attributed 
this  behavior  to  a  possible  catalysis  by  polymer  end  groups  but 
went  no  further  to  characterize  this  relationship. 


5:  MFI  as  a  function  of  time  In  100°C  water  for  9  differ¬ 
ent  PBTs 

This  same  method  was  used  to  evaluate  different  polycarbo¬ 
nates.  Here,  hydrolysis  of  the  osier  linkage  In  the  polycarbonate 
chain  will  result  In  polymer  degradation.  The  MFI  vs  time  rela¬ 
tionship  for  a  representative  polycarbonate  aged  In  60,  80  & 
100*C  water  is  shown  In  Figure  6. 


Nine  different  PBTs  were  aged  In  water  at  60, 80  and  100°C  for 
up  to  60  days.  Endpoint  MFIs  were  determined  from  the  100DC 
data  on  MFI  and  elongation  to  break  as  a  function  of  time.  In  all 
of  the  environments  where  the  MFI  had  reached  or  exceeded 
the  endpoint,  tha  MFI  vs  time  curves  were  curvelitted  and  the 
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Hint  to  ondpoir.;  MFI  it  a  function  of  aping  lima  was  calcu¬ 
lated,  | No  PBT  agad  In  60*C  water  reached  It*  andpoint  doting 
iNd  #v*Kiation,|  TNt  data  I*  raptaaantad  In  Flgota  •  what*  th* 
pat  cant  difference  batwaan  the  predicted  and  actual  tima  to 
th*  andpoint  MFI  I*  plotted  at  a  function  of  th*  patcant  of  tima 
to  Iha  andpoint  that  bat  al <aad>‘  paaaad,  Hat*,  mot*  than  90% 
of  tha  ptadlcted  lima*  to  th*  andpoint  MFI  Ha  within  10%  of  tha 
actual  vatua  whan  th*  malatlal*  have  baan  sg«d  lot  only  40% 
of  th*  total  tima  that  I*  raqoirad  to  teach  (half  andpoint. 


•># 


»  I 

- a  -  -  —  •  ■=-  a  a  -  I 

•  *9  ■*#  W  M  !M 

t  it  kltniM  tUlrit 

Flour*  B:  Patcant  dltfatanc*  batwaan  actual  and  ptadictad 
MFI  valua*  a*  a  function  of  patcant  of  Nfallm* 
axpirad 

With  thl*  Infotmation,  malatlal  llfatlma  pradlctioni  can  ba  mad* 
helot*  Iha  actual  Hfatlma  andpoint  la  taachad.  TM*  It  bacause 
on*  can  datatmlna  th*  andpoint  tlongation  to  btaak  and  cor- 
tat  ponding  endpoint  MFI  (torn  hlghat  lamparatut*  aging  tatulit 
In  a  thott  patlod  of  lima.  Tha  lowat  tamparaiuta,  longar  latm 
tatt  aampl**  can  alto  ba  monltotad  for  thait  MFI  ovat  tkn*. 
That*  data  can  than  ba  cutvtfltttd  and  th*  tima  to  andpoint 
MFI  axtrapolalad.  Th*  mot*  data  acqulrad.  th*  hlghar  tha  con- 
(Wane*  laval  of  th*  prtdlctten. 

LIFETIME  PREDICTION  EXAMPLE 

Exltudad  snip*  -  t  x  5  x  150  mm  and  tanslla  tatt  dumbbells  die 
cut  Item  tha  tarn*  axttudad  strips  of  PBT  A  wet*  placed  In 
distilled  water  at  60,  80  &  100#C.  Samples  war*  removed  ac¬ 
cording  to  th*  following  schedule. 


PBT  A  TEST  SCHEDULE 


Aging  Tim* 


(Days)  60 

0  X 

n 

a* 

4 

7  X 

9 

10 

14  X 

28  X 

42 

56  X 

1 13  X 


Tampatatot*  (*C) 

80  i00 

X  X 

X 
X 

X  X 

X 
X 
X 
X 
X 


At  each  removal  data,  5  lentil*  last  tempi**  and  8  grams  of 
axttudad  strips  lo  conduct  an  MFI  measurement  ware  removed. 
Plots  of  elongation  lo  btaak  and  MFI  versus  time  at*  shown  In 
Figure*  9  l  10.  Th*  raiationthlp  between  elongation  to  btaak 
and  MFI  la  ihown  In  Figure  11.  Th*  Hfatlm*  andpoint  lot  thia 
example  was  chosen  to  b*  that  point  at  which  lh*  malarial 
tests  alt  ability  to  exhibit  plastic  deformation,  that  Is,  whan  tha 
plastic  will  only  slongat*  as  far  at  Its  original  strain  at  yield  (-10 
>  15%  strain).  This  occurs  In  100'C  water  In  about  8  days  as 
shown  In  flgurt  10.  Th*  tensile  strength  Is  reduced  at  this  point 
only  by  about  10V«.  but  th*  material  Is  actually  lo  th*  point  of 
becoming  brittle. 


tlM  tflsyl) 


Figure  91  Elongation  lo  break  as  a  (unction  of  aging  time  In 
waler  at  60.  80  and  100°C  for  PBT  A 
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Floor*  10:  MFI  •>  a  function  ol  aging  H<N  hi  *»'*f  •'  w-  M 
and  100*0  for  PBT  A 
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TO*  resulting  lifetime  predictions  a»  •  (unction  of  ag-ng  time  ara 
lisied  below. 


Tim*  to  Tim*  to  Tim*  to  LH*tlm* 
Endpoint  Endpoint  Endpoint  Prediction 


Aging 

In  100'C  In  80*C 

In  60*C 

Time 

Water 

Wafer 

Water 

(40*CfH,0) 

14i£) 

l**a) 

J &a) 

(Nys/years) 

14 

6 

36.3 

202 

1400/3.8 

28 

8 

32.5 

163 

1000/2.7 

42 

a 

32.7 

163 

t'000/2.7 

56 

8 

32.7 

163 

1150/3.2 

84 

8 

32.7 

191 

1250/3.4 

1 13 

s 

32.7 

177 

1100/3.0 

H*r*  on*  can  see  that  IN  Wetlm*  prediction  attor  only  14  day* 
II  almost  tN  sam*  as  IN  prediction  attar  113  days. 
Confidence  In  tN  1 13  day  prediction  Is  high  Ncaus*  tN  ini*- 
Hat  has  comp*«i*ry  Nyiivid  In  50  and  !CC*C  water  end  •* 
about  Nlfwey  degraded  In  60*C  weler,  EarHer  predictions  at* 
in  excellent  agreemeni  with  later  on*. 

PBT  Ns  a  class  transition  temperature  (Tg)  of  about  55*C, 
above  which  *N  of  this  accelerated  testing  Is  conducted.  TN 
reaction  rates  below  tN  Tg  will  N  slowed  to  some  extent  and 
tNrefore  predictions  mad*  her*  for  temperatures  below  this  Tg 
would  represent  a  worst  case. 

NOTE:  TN  most  hydrolytically  stable  PBTs  evaluated  wlH  Nv* 
lifetimes  In  60’C  water  ol  around  3  years.  This  example  l*  of  a 
relatively  hydrolytically  unstable  PBT  but  ll  was  used  Nra  to 
Illustrate  tN  method  Ncaus*  significant  degradation  was  ob¬ 
served  at  aH  water  temperatures  within  4  months 

CONCLUSION 


Flour*  tl:  Elongation  to  break  as  a  function  of  MFI  lor  PBT  A 

The  MFI  vs.  time  results  at  this  temperature  (Figure  10)  are 
curvefit.  TN  Nst  curved!  Is  an  exponential  regression 
equation: 

MFI  -  13. n  (l.M)X 

The  MFt  value  ("endpoint  MFI")  at  8  days  is  calculated  from 
this  equation  to  be  -250  gftO  min  Subsequent  data  collected 
from  tN  lower  temperature  environments  Is  curved!  with  each 
new  data  point  and  the  time  to  MFI  »  250  gflO  min  Is  calcu¬ 
lated.  Using  the  Arrhenius  method.  tN  logarithm  of  IN  lime  to 
the  lifetime  endpoint  Is  plotted  against  the  reciprocal  tempera¬ 
ture  In  Kelvin  to  form  what  should  N  a  straight  line.  This  plot  Is 
used  to  Interpolate  or  extrapolate  lifetimes  at  any  other 
temperature. 


This  work  waa  originally  undertaken  to  evaluate  PBTs  for  fiber 
optic  applications.  It  was  observed  during  tN  course  ol  the 
program  that  by  simultaneously  monitoring  the  melt  flow  Index 
(MFI)  as  well  as  some  mechanical  property  such  as  elongation 
lo  braak.  one  could  make  llltllme  predictions  with  more  confi¬ 
dence  and  In  less  time  than  was  previously  possible.  The  cir¬ 
cumstances  that  make  this  possible  air 

*  Hydrolysis  Is  known  as  a  major  degradation  mechanism  for 
polyesters. 

*  Polyesters  (like  PBT)  can  be  hydrolyzed  In  water,  dried  to 
remove  all  unreacted  water  and  then  measured  for  MFI 
values. 

"  Elongation  to  break  as  a  function  of  time  curves  for  degrad¬ 
ing  polymers  are  typically  discontinuous  and  have  a  large 
region  ol  high  standard  deviation.  Thus  they  are  not  curvet- 
[liable  and  values  cannot  be  extrapolated  with  confidence 

*  MFI  as  n  function  of  time  curves  for  polyeslers  degrading  In 
water  are  continuous  and  curvelltlable.  Measured  values 
have  low  standard  deviations  and  values  can  be  extrapo¬ 
lated  with  confidence. 


*  A  relationship  between  MFI  and  elongation  to  break  has 
been  established  loi  PBTs  degrading  in  water. 


International  Wire  &  Cable  Symposium  Proceedings  1989  109 


Utilization  oi  in*  method  I*  bated  on  a  unique  tel  o i  ck- 
cumstances  and  astumpdone  and  It  only  applicable  under 
(hot*  condition!.  Under  the  right  ckcumatancet,  however.  thU 
method  can  be  applied  lo  evaluate  t  material  or  to  compare 
teveral  material*  to  one  another. 
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EFFECT  0-’  CHEMICAL  STRUCTURE  OF  POLYIMIDR 
ON  THE  PROPERTY  OF  POLYIMIDR  AND  POLYIMIDR  ENAMELLED  WIRE. 

Hiroshi  I nous,  Toshihiro  Inalke 


UBE  Industries,  LTD.,  Hirakata,  Ossks,  Japan 


ABSTRACT 


2. EXPERIMENTAL 


Polyiaides  and  polyiaide  enamelled 
Mires  from  two  types  ol  acid  anhydrides 
(pyroaellitic  dianhydride  (PMDA)  and 
3,3* , 4,4'-biphenyltetracarboxylic  dianhy¬ 
dride  (BPDA) )  and  two  types  of  diamines 
(4,4 '-oxydi aniline  and  p-phenylenediaalne) 
have  been  prepared  and  their  properties 

hive  T  ►  Kaa  Kama 


revealed  that  BPDA  based  polyiaides  and 
polyiaide  enamelled  wires  are  superior  in 
thermal,  chemical,  and  radiation 
resistance  to  PMDA  based  polyiaides. 
Further,  we  have  developed  enamelled  wires 
of  polyiaide  containing  inorganic  filler 
(boron  nitride)  which  have  a  longer  life 
under  impressed  test  at  1-3  KV  than  that 
of  unfilled  polyiaide.  The  difference  in 
these  properties  of  BPDA  and  PMDA  based 
polyiaides  is  due  to  the  difference  of  the 
reactivity  of  the  iaide  groups  of  BPDA  and 


PMDA. 


1. INTRODUCTION 

At  first  polyiaide  was  developed  for 
military  and  space  industries,  however,  it 
has  been  widely  adopted  in  the  electric 
and  electronic  industries  for  it's  high 
chemical  and  heat  resistance,  and  superior 
mechanical  and  electrical  properties.  The 
aost  well-known  polyiaide  is  obtained  from 
pyroaellitic  dianhydride  (PMDA)  and  4,4'- 
oxydianlllne  (ODA) .  However,  3, 3', 4,4'- 
blphenyltetracarboxylic  dianhydride  (BPDA) 
has  been  commercialized  starting  from 
phthallc  acid  through  a  coupling  reaction, 
and  n  number  of  polyiaides  have  been 
derived  from  BPDA.  Thanks  to  the  biphenyl 
structure,  BPDA  was  found  to  be  promising 
as  a  basic  material  for  polyiaide 
production  *»"*•* 

This  paper  discusses  the  character¬ 
istics  of  homopolyaer  and  copolymer  of 
polyiaide  from  two  types  of  acid  dianhy- 
drides  (PMDA  and  BPDA)  and  two  types  of 
diamines  (ODA  and  p-phenylenediamine 
(PPD) ) ,  and  polyiaide  enamelled  wires  and 
enamelled  wires  made  of  filled  polyiaide. 


2. 1 .Sample 

(I)  The  films  presented  in  Table  1 
were  prepared  in  the  usual  way.  The 
thickness  of  the  films  was  25  jm.  (2) 
Polyiaide  enamelled  wires  shown  in  Tables 
5  and  6  were  prepared  in  the  usual  way. 
The  diameter  cf  copper  wire  was  1  mm. 
rilled  polyisidc  v>*«  consisted 

of  two  layers,  an  inner  layer  made  of 
filled  polyiaide  and  an  outer  layer  made 
of  unfilled  polyiaide.  The  thickness  ratio 
of  the  two  layers  was  7/3  (inner/outer) . 
The  thickness  of  the  insulating  layer  was 
about  40  i. 

2.2.  Thernal  aging  test 

The  procedure  was  carried  out 
according  to  IEC  216 

2.3.  Irradiation 

Samples  were  irradiated  by  ‘»Co  r- ray 
with  a  dose  rate  of  10  KGy/h  at  rooa 
temperature  in  air  atmosphere. 

2.4.  Hydrolysis 

Films  were  Immersed  in  boiling  water. 
Deionized  water  was  used. 

2.5.  Viscosity  stability 

Polyaer  solid  of  polyamlc-acid 
varnishes  was  20  wt*.  Varnishes  were 
stored  at  50* C,  and  occasionally  withdrawn 
and  their  viscosities  were  measured. 

2.5.  Analysis 

(1)  Thermogravimetric  analysis  (TGA) . 
Thermograms  were  obtained  in  air 
atmosphere  with  a  Shiaadzu  TGA-1  Thermo¬ 
gravimetric  Analyzer  at  a  heating  rate  of 
10*G/min.  Films  of  25  jm  thick  were  used. 

(2)  Thermal  mechanical  analysis  (TMA) . 
TMA  spectra  were  measured  with  a  Rigaku 
CN8 J96A1  Thermomechanical  Analyzer.  Glass 
transition  temperatures  were  measured 
using  a  penetration  prove  on  25  jm  thick 
films  at  a  heating  rate  of  l0*C/min  under 
a  load  of  10  g.  The  linear  expansion 
coefficients  were  measured  using 
attachment  for  tensile  mode  on  film  of 
5  mm  width,  10  mm  length  (between  chucks) 
at  a  heating  rate  of  10’C/min  under  a  load 
of  2  g . 
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(II)  Tensile  property.  Tensile 
properties  Mere  obtained  with  «  shiaadxu 
Autograph  IM-100  aucordino  to  the  ASTM 
set hod  DM2-47 . 

(4)  Enamelled  wire.  The  evaluation  of 
enssel led  wires  were  carried  out  accord ing 
to  JIS  C3003 .  Impressed  teats  were 
conducted  on  twist-pair  wires 

(3)  Viscosity.  Vincosities  of 
varnishes  were  aeasured  with  a  Tokyokelki 
Visconic  BHD  Viacoaeter  at  30' C 


BPDA 

PMDA 

“'"-O'-0-®-™' 

m,n~ 

ODA 

PPD 

3. RESULTS  AND 

DISCUSSION 

3.1.  Tensile  property 

The  cheaical  composition  and  tensile 
properties  of  polylaides  investigated  in 
this  paper  are  summarized  in  Table  1. 
Polylaides  froa  ODA  have  a  high  elongation 
of  over  70*  and  a  rather  low  strength  of 
below  25  Kg/aa1  independent  of  their  acid 
anhydrides.  On  the  other  hand,  polylaides 
aalnly  froa  PPD  have  a  rather  low  elonga¬ 
tion  of  below  40*  and  a  high  strength  of 
over  30  Kg/aa1  .  ODA  has  a  flexible  ether 
linkage  at  which  bending  and  rotation  of 


the  aolecular  chain  is  possible,  but  PPD 
has  a  rigid  structure,  polylaides  Bade 
froa  ODA  are  aore  flexible  and  have  a 
higher  elongation  than  that  aalnly  Bade 
froa  PPD,  but  the  foraer  filas  have  a 
lower  strength  and  aodulus  of  elasticity. 

3.2.  Theraal  property 

The  theraal  property  aay  be  used  in 
two  ways:  physical  and  cheaical 
properties.  The  foraer  is  such  as  glass- 
transition  temperature  (Tg)  and  expansion 
coefficient,  and  the  latter  is  such  as 
theraal  decoapositlon  and  degradation. 
Theraal  properties  of  polyiaide  are  shown 
in  Tables  2  and  3.  It  is  said  that  Tg  is 
connected  with  the  rigidity  of  polyaer, 
and  then  generally  Increases  with 
Increasing  rigidity  of  polyaer.  In 
addition,  it  is  also  said  that  Tg  is 
affected  by  aolecular  aggregation1.11 

The  order  of  rigidity  of  acid 
anhydride  and  diaaine  is  thought  to  be 
PMDA  >  BPDA  and  PPD  >  ODA.  Therefore,  with 
t‘e»p«uX  w  huaopolyaer,  Tg  of  polyiaide 
froa  PHOA  and  PPD  Bust  be  the  highest,  but 
this  polyiaide  is  very  brittle  and  is  not 
practical.  Mext,  Tg  of  polyiaide  froa  PMDA 
and  ODA  or  BPDA  and  PPD  aust  be  higher.  In 
practice,  both  Tg’s  of  polylaides  II  and 
III  are  higher,  and  Tg  of  polyiaide  II  is 
higher  than  that  of  polyiaide  III.  As  we 
would  expect,  Tg  of  polyiaide  I  froa  BPDA 
and  ODA  is  the  lowest.  With  respect  to 
copolyaer,  the  order  of  Tg  approxiaately 
follows  the  order  of  the  total  aaount  of 
rigid  coaponent,  i.e.  PMDA  and  PPD. 

Recently,  the  theraal  expansion 
coefficient  of  polyiaide  has  becoae  of 
Interest.  At  the  tiae  of  foralng  a  polyaer 
aaterial  and  a  aetal,  glass  or  ceraaics 
into  one  body,  the  theraal  stress  is 
produced  by  the  difference  between  the 
theraal  expansion  coefficients.  This 
results  in  probleas  of  warping,  peeling, 
and  cracking.  Theraal  expansion  is  also 
said  to  be  related  to  the  linearity  of 
polyaer  aolecular  skeletons'.""  BPDA,  PMDA, 


Table  l.Thc  cheaical  structure  and  tensile  properties  of  polyiaide 


Polyiaide 

Coaponent 

Tensile  proper 

-y 

Modulus  of 
elasticity 
(kg/aa1) 

Strength 

(kg/aa1) 

Elongation 

(*> 

Acid  dianhydride 

Diaaine 

I 

BPDA 

ODA 

3S0 

25 

130 

11 

BPDA 

PPD 

900 

40 

35 

III 

PMDA 

ODA 

300 

18 

70 

IV 

BPDA/PMDA( 7/3) 

ODA 

320 

21 

77 

V 

BPDA/PMDA(5/5) 

ODA 

310 

22 

85 

VI 

BPDA/PMDA(7/3) 

PPD 

790 

38 

32 

VII 

BPDA 

ODA/PPD( 7/3) 

410 

25 

68 

VIII 

BPDA/PMDA{5/5) 

0DA/PPD(3/7 ) 

650 

40 

40 
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Table  2, Theraal  property  of  polyiaide 


Polyiaide 

Tg 

CO 

ttg 

CO 

TGI 

CO 

01 near 
expansion 
coef f iciant 
(xlO  'ca/ca/'O 

I 

2*3 

577 

Cl  2 

4.0 

11 

>400 

57C 

C21 

1.4 

III 

303 

see 

C07 

4.2 

IV 

233 

571 

C07 

4.7 

V 

330 

SC7 

<09 

4.5 

VI 

370 

572 

<13 

1.4 

VII 

290 

57C 

616 

3.2 

VIII 

SCO 

570 

<11 

1.9 

Tabic  3.  Long-tera  heat  resistance 
of  polyiaidc 


Polyiaida 

Half  reduction 

teaperature  CO 

Tenaile 

strength 

elongation 

X 

270 

235 

II 

290 

265 

III 

265 

225 

and  PPD  do  not 

have  any 

flexible  linkage 

such  as  ether,  and  polyiaides  II,  VI,  and 
VIII  have  a  low  theraal  expansion 
coefficient.  However,  polyiaides  froa  00A 
having  a  flexible  linkage  have  a  higher 
theraal  expansion  coefficient. 

Several  atteapts  have  been  aade  to 
develop  aore  rapid  aethods  of  estiaation 
of  the  decoaposition  teaperature  and 
theraal  life  based  on  TGA'.,*,m  The 
teaperature  deterained  froa  these  aethods 
would  serve  as  an  accurate  prediction  of 
the  results  of  long-tera  theraal  life 
tests.  TTG  1*  the  teaperature  at  which  5X 
of  the  total  weight  loss  occurs,  TGI  is 
calculated  by  the  foraula:  TGI  ■  (A+B)/2, 
where  A  *•  the  teaperature  at  which  a 
straight  line,  drawn  through  the  SO  and  20 
X  weight  loss  points,  intercepts  the  OX 
weight  loss  line;  B  *  the  teaperature  at 
which  the  curve  intercepts  the  SOX  weight 
loss  line. 

The  order  of  the  theraal  stability 
(decoaposition  teaperature)  with  respect 
to  aroaatlc  skeleton  of  acid  dianhydride 
and  diaaine  coaponent  is  benzene  (S93*C)  > 
biphenyl  (543*C)  >  diphenyl  ether 
(53B’C)*.U>  As  diaaines  of  polyiaides  I  and 
III  are  the  sane,  the  difference  in  Ttg  and 
TGI  results  froa  the  difference  in  the 
structure  of  the  acid  dianhydride 
coaponent.  The  order  of  the  theraal 
stability  of  polyiaide  with  respect  to  the 
structure  of  the  acid  dianhydride 
coaponent  is  BPDA  >  PMDA.  The  order  of  the 


theraal  stability  of  BPDA  and  PHOA  is  the 
reverse  order  of  the  theraal  stability  of 
benzene  and  biphenyl.  This  is  due  to  the 
fact  that  PHOA  is  aore  reactive  than  BPDA, 
and  with  regard  to  this  we  shall  discuss  a 
little  subsequently.  The  results  of  TTG 
and  TGI  of  polyiaides  I  and  II  are  in 
accord  with  the  expectations  based  on  the 
aroaatlc  skeleton  of  diaaine.  we  consider 
that  polyiaide  froa  BPDA  and  PPD  is  the 
aost  stable.  The  order  of  the  theraal 
stability  of  copolyaer  could  be  understood 
through  considering  the  polyaer  coaponent. 

The  long-tera  heat  resistance  of 
polyiaides  I,  II,  and  III  was  carried  i».it 
(Table  3).  The  halt  reduction  teaperatures 
in  tensile  properties  at  20000  h  are 
obtained  froa  extrapolation  by  Arrhenius 
plots  for  over  3000  h.  The  order  of  the 
half  reduction  teaperature  is  polyiaide 
II  >  I  >  III  and  is  in  the  saae  Banner  as 
the  results  of  TGA.  Xawaaura  et  al'.*' 
perforaed  a  siailar  test  of  polyiaides  I 
and  HI  on  the  dielectric  breakdown 
voltage  and  tensile  strength,  and  reported 
that  the  half  reduction  teaperature  of 
polyiaide  I  is  20‘C  higher  than  III, 

3.3.  Hydrolysis 

Resistance  to  boiling  water  of 
polyiaides  I,  II,  and  III  is  shown  in 
Fig.  I.  Froa  this  result  it  is  found  that 
the  BPDA  based  polyiaides  I  and  II  are 
aore  stable  than  PHOA  based  polyiaide  III. 
Xorshak  et  al'.1'"  studied  the  hydrolytic 
stability  of  polyiaides,  and  reported  the 
saae  result  that  polyiaide  froa  PHOA  had 
the  lowest  resistance  to  hydrolysis,  and 
that  the  one  froa  BPDA  had  the  highest. 
The  difference  in  the  hydrolysis 


Fig.l.  Residual  elongation  after 

i*aer3ion  in  boiling  water. 
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Table  4.  Acidity  constants"" 


Acid 

pka 

benzoic 

4.17 

phthalic 

3.00 

triaellitic 

2. S3 

pyroaellitic 

1 .92 

resistance  of  these  polyiaidaa  la  dua  to 
the  difference  of  tha  acid  anhydride 
component  of  tha  polyaer  chain:  thua,  that 
of  polyiaidaa  1  and  XI  la  biphenyl 
akeleton  (BPDA),  while  that  of  polyiaide 
XIX  ia  benzene  akeleton  (PMDA) .  The 
carbonyl  groups  in  PMDA  are  on  the  aaae 
nucleus,  and  both  carbonyl  groupa  are 
conjugated  to  each  other.  On  the  other 
hand,  the  carbonyl  groupa  in  BPDA  are 
attached  to  different  nuclei,  aeparated 
froa  one  another,  and  both  benzene  ring* 
of  biphenyl  are  not  coplanar  to  each 
other,  ao  they  are  not  conjugated  to  each 
other.  Naaely,  BPDA  could  be  thought  to 
conaiat  of  two  phthallc  anhydridea. 
Acidity  of  benzoic  acid  to  pyroaellitic 
acid  ia  ahown  in  Table  4.  Mere,  pKa  ahowa 
the  firat  ionization  conatant.  The  pka 
value  decreaaea  aa  the  nuaber  of 
carboxylic  aubatituenta  increaaea.  The 
carboxylic  group  haa  a  strong  electron- 
withdrawing  inductive  effect,  ao  pKa 
becoaea  lower  with  the  lncreaaing  of  the 
nuaber  of  carboxylic  groupa.  Xn  the  case 
of  alkaline  hydrolyaia  of  eater,  it  la 
very  aenaltive  to  Induction  effecta  of 
polar  aubatituenta,  and  eatera  'substituted 
by  polar  groupa  are  eaaily  hydrolyzed.  The 
reactivltlea  of  iaide  and  eater  in 
hydrolyaia  are  not  exactly  the  aaae,  but 
PMDA  baaed  polyiaide  aubatituted  by  two 
polar  iaide  groupa  could  be  naturally 
thought  to  be  aore  eaaily  hydrolyzed  than 
the  phthallaide  type  aubatituted  by  one 
polar  iaide  group  auch  aa  BPDA.  The 
partial  poaitiv.e  character  on  the  carbon 
of  the  iaide  group  of  PMOA  ia  atronger 
than  that  of  BPDA,  ao  the  iaide  group  of 
PMOA  la  aore  eaaily  aubject  to 
nucleophilic  attack,  and  the  Iaide  group 
ia  converted  to  aaic-acid  and  leads  to 
a  rupture  of  the  sain  chain.  Xoton  et  al'.1*1 
studied  the  kinetics  of  acylation  of 
dlaalnea  by  dianhydrides  in  detail  and 
reported  that  the  reactivity  of  diaaines 
and  dianhydrides  were  explained  by  using 
the  paraaeters  of  the  electronic  structure 
of  then  caluculated  by  the  aethods  of 
quantua  cheaistry  and  the  rate  constant 
for  the  acylation  by  PMDA  ia  auch  faster 
than  the  one  for  the  acylation  by  BPDA. 
The  reactivity  in  both  hydrolysis  and  the 
acylation  is  explicable  to  be  largely 
dependent  on  the  electronic  structure  of 
the  coaponents.  The  difference  in  the 


Plg.J.  Viscosity  stability  of 

polyaaic-acld  varnishes. 


theraal  stability  of  the  BPDA  baaed 
polyiaidaa  and  PMDA  baaed  polyiaide  ia 
naturally  due  to  the  difference  of  the 
acid  dianhydrlde  coaponent  of  the  polyaer 
chain.  Theraal  decoaposition  is  a  aore 
coaplicated  reaction,  ao  we  auat  consider 
not  only  the  factor  considered  in  the  case 
of  hydrolysis,  but  other  factors.  However, 
the  order  of  the  theraal  stability  could 
be  predicted  only  by  the  reactivity  of  the 
iaide  group. 

3.4.  Viscosity  stability  of  polyaaic-acld 
varniaK 

Viscosity  stabilities  of  polyaaic- 
acld  varnishes  are  shown  in  Pig.  2.  The 
viscosity  of  varnishes  increased  and 
followed  by  gelation  upon  storage  at  50*C. 
The  reason  for  this  increase  in  viscosity 
la  thought  to  be  as  follows.  The 
conversion  of  aaic-acid  to  iaide  partially 
takes  place  upon  storage,  and  this 
iaidation  lowers  the  solubility  of 
polyaer.  We  observed  the  presence  of  iaide 
bond  in  polyaalc-acid  varnishes  upon 
storage  by  IR  and  NMR.  Iaide  ring 
feraation  is  facilitated  by  the  presence 
of  conjugated  bonds  in  the  chain,.1•,*,  PMDA 
and  PPD  have  conjugated  functional  groups; 
thus,  the  iaidation  rate  of  polyaaic-acld 
froa  PMDA  or  PPD  is  faster  than  that  froa 
BPDA  or  ODA.  On  the  other  hand,  the 
solubility  of  polyiaide  froa  BPDA  or  ODA 
is  better  than  that  froa  PMDA  or  PPD. 
Polyiaide  froa  BPDA  and  ODA  is  soluble  in 
chlorophenol .  Pros  these  view  points  it 
could  be  understood  that  polyaaic-acld  I 
is  the  aost  stable  and  polyaalc-acid  III 
is  the  least  stable  followed  by  II  and  VI. 
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Table  5.  Properties  of  polyimide  enamelled  Mires 


Polyimide 

Item 

I 

III 

IV 

V 

VI 

VII 

Film  thickness(’/icron) 

40 

38 

38 

40 

41 

39 

Mandrel  test 

Id  pass 

Id  pass 

Id  pass 

Id  pass 

Id  pass 

Id  pas 

Elongation  and  mandrel (X) 

100 

>100 

>100 

>100 

88 

>100 

Dielectric  breakdown(KV) 

Abrasion  test 

11.5 

14.0 

12.3 

13.5 

13.5 

13.8 

Repeated  scrape (strokes) 

41 

25 

66 

58 

7 

83 

Unidirection  ubrasion  test(g) 

1765 

1480 

1670 

1860 

1670 

1780 

Cut  through  temperature(’C) 
Elongation  and  mandrel  test(X) 

>400 

>400 

387 

398 

>400 

300 

after  heat  aging  200*Cx24h 
Mandrel  test  after 

60 

73 

>95 

>88 

60 

>95 

heat  aging  200*Cx6S00h 

Id  pass 

Id  pass 

Id  pass 

2d  pass 

240*  Cx580h 

Id  pass 

Id  pass 

Id  pass 

3d  pass 

Heat  shock  250*Cx24h 

Impressed  test(AC200V)  in 

Id  pass 

Id  pass 

Id  pass 

Id  pass 

Id  pass 

Id  pas 

0.4XMaCl  aqueous  solution 

at  30-  <; 

120h 

>1000h 

>1000h 

>1000h 

470h 

at  eo*c 

460h 

16B0h 

1520h 

therssl  stability.  As  to  the  impressed 
test  in  0.4X  NsCl  aqueous  solution, 
polyimides  IV  and  V  are  the  best.  Ill  is 
aediua  and  I  and  VII  are  the  worst. 
Enamelled  wires  of  polyialdes  I  and  VII 
have  a  little  turbidity,  but  films  of  the 
same  component  ms  I  and  VII  are  clear. 
Films  were  prepared  at  a  slow  heating  rate 
of  10-30’ C/min,  but  enamelled  wires  were 
prepared  at  a  heating  rate  of  100-200 
*  C/sin.  The  rapid  heating  was  thought  to 
result  in  turbidity.  This  turbidity,  i.e. 
ununiformity  is  responsible  for  a  short 
life  under  the  impressed  test.  If  the 
polyimide  consists  of  the  combination  BPDA 
end  PMOA.  this  turbidity  disappears.  The 
difference  in  the  life  under  the  impressed 
test  of  polyisides  IV,  V,  and  III  is 
explained  by  the  difference  of  the 
fraction  of  PMDA  which  is  more  reactive  to 
water. 

The  changes  of  elongation  and 
mandrel  of  enamelled  wires  of  polyimides 
III,  IV,  and  VI  by  irradiation  are  shown 
in  Fig.  S.  In  the  low  dose  region  three 
enamelled  wires  reveal  no  apparent 
differences,  but  in  the  high  dose  region 
polyimides  IV  and  VI  are  more  stable  than 
III.  As  to  the  enamelled  wire  of  polyimide 
III  irradiated  over  20  MGy ,  poor  adhesion 
between  copper  wire  and  the  coated  layer 
took  place,  while  with  the  enamelled  wires 
of  IV  and  VI  they  showed  good  adhesion 
even  at  60  MGy.  Enamelled  wires  of 
polyimides  III  and  IV  after  Irradiation 
are  shown  in  Figs.  6  and  7.  It  is  not 
possible  to  estimate  the  accurate 
elongation  and  mandrel  when  poor  adhesion 
occurs,  since  elongation  and  mandrel  of 
III  over  20  MGy  is  not  accurate. 
Accordingly,  it  could  be  thought  that  the 


Fig. 5.  The  change  of  elongation  and 

mandrel  of  polyin.’de  enamelled 
wire  by  irradiation. 


enamelled  wires  of  IV  and  VI  are  more 
stable  than  that  of  III  even  in  the  low 
dose  region.  These  results  are  the  sane  as 
those  of  films. 

He  prepared  filled  enamelled  wires  to 
expect  the  electrical  and  heat  conducting 
properties  to  Improve.  The  properties  of 
filled  enamelled  wires  are  shown  in  Table 
6.  In  this  case,  polyimide  V  component  was 
chosen  for  varnish  of  enamelled  wire.  If 
the  outside  of  enamelled  wire  is  a  filled 
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fig. 3.  The  change  of  residual  elongation 
of  polyiaide  by  irradiation. 


Dos*  (MGy) 


Fig. 4.  The  change  of  residual  strength 
of  polyiaide  by  irradiation. 


3.5.  Irradiation 

It  is  well-known  that  polyiaide  has 
not  only  the  highest  heat  resistance,  but 
also  the  highest  radiation  resistance.  We 
exaained  the  radiation  resistance  of 
polyiaides  I,  II,  III,  and  VII.  The 
changes  of  the  retention  ratio  of  the 
tensile  properties  are  shown  in  Figs.  3 
and  4.  As  to  the  tensile  property,  the 
decrease  in  elongation  is  pronounced  even 
in  a  low  dose  region  in  file  III  coBpared 
with  filas  I,  II,  and  VIII.  Naaely,  the 
dose  of  a  50*  reduction  of  the  initial 
value  in  file  III  is  about  20  MGy,  while 


those  in  the  filas  froa  BFDA  are  35-45 
(Wy,  As  the  tensile  strength  is  not  very 
such  sore  sensitive  to  degradation  than 
elongation,  the  difference  in  decree**  in 
strength  between  XIX  and  BFDA  based 
polyiaides  is  not  pronounced.  BFDA  baaed 
polyiaides  possess  higher  radiation 
resistance  as  well  as  higher  theraal 
stability  than  XII.  Sasuga**1*1*1  and 
Morlta**' l#*  studied  radiation  resistance  of 
polyiaides  in  detail,  and  reported  the 
results  to  be  slallar  to  our  studies.  In 
spit*  of  the  radiation-induced  changes 
described  above,  no  reaarkable  change  is 
observed  in  Tg  and  aodulus  of  elasticity 
after  31.7  My  irradiation  to  X  and  III. 
This  revealu  that  chain  scission  aalnly 
occurs  by  radiation,  but  a  crosslinking 
reaction  which  influences  aodulus  and  Tg 
rarely  occurs.  This  is  also  borne  out  by 
the  fact  that  all  irradiated  polyiaides 
were  easily  dissolved  in  a  hydrazine  based 
etchant.  This  chain  scission  could  be 
thought  to  eoapris*  to  soao  extent  of  the 
conversion  of  iaide  to  aale-aeld  which 
leads  to  a  rupture  of  the  chain,  because 
the  tensile  properties  of  polyiaides  I, 
XI,  and  III  after  50  MGy  irradiation  were 
restored  to  a  slight  degree  by  heat 
treataent  at  400* C,  for  exaapl*  the 
restoration  of  elongation  was  froa  5*  to 
lift  for  polyiaide  XX  and  froa  4ft  to  12ft 
for  polyiaide  XXX.  This  restoration  could 
be  thought  to  be  owing  to  the  laid* 
foraatlon  of  the  cleavage  part.  We 
aeasured  ATR  spectra  (FT-XR)  of  polyiaides 
I  and  XXX  after  40  My  irradiation,  but  no 
reaarkable  change  was  observed.  Xt  is 
noteworthy  that  pc* '/laid*  VXXI  froa  both 
BFDA  and  PMDA  (the  ratio  is  5/5)  has  the 
■  see  resistance  as  polyiaides  X  and  XX 
froa  only  BFDA.  The  stability  of  polyiaide 
incorporated  with  BFDA  is  greater  than 
that  predicted  by  the  siapl*  additivity  of 
coaponent  contribution.  The  difference  in 
radiation  resistances  of  BFDA  based 
polyiaides  and  PMDA  based  polyiaide  is 
naturally  due  to  the  difference  of  the 
acid  di anhydride  coaponent.  Degradation 
by  irradiation  is  a  sore  coapli cited 
reaction  as  well  as  theraal  decoaposition, 
but  it  is  alaost  certain  that  the 
radiation  resistance  vs  largely  dependent 
on  the  r*activ<;y  1  *  vb*  laid*  groups  of 
BPDA  and  PMDA. 

3.6.  Enaaelled  v<>* 

The  propert  y  j  of  vaaaelled  wires  are 
shown  in  Table  <  tnaaelled  wires  of 
polyiaides  II  and  V1TI  were  not  produced. 
There  are  not  large  differences  in  general 
properties  aaong  polyiaides  except  for 
polyiaide  VI.  Polyiaide  VI  lacks 
flexibility  to  a  degree.  Polyiaide  III  has 
lower  strokes  in  a  repeated  scrap*.  A  heat 
aging  test  (200*C  x  6500  h)  of  polyiaides 
was  carried  out.  After  a  heat  aging  test 
their  aandrel  properties  alaost  were 
unchanged,  and  these  polyiaides  have  good 
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Elongation(SX)  Elongation(3X)  +  l<i  Elongation; JOE)  Elongation; 10X)+ld 


Polyiaide  III 


Polyiaide  IV 


Pig. 7.  Enaael led  w‘?es  after  51.3  MGy  irradiation. 


Pig. a.  Vertical  sectional  view  of 
BK  filled  enaaelled  wire. 


layer,  the  outer  unevenness  aay  Influence 
the  properties  of  enaaelled  wire. 
Therefore,  filled  enaaelled  wires  should 
consist  of  two  layers;  i.e.  an  inner 
filled  layer  and  an  outer  clear  layer  (the 
thickness  ratio  of  inner/outer  is  7/3). 
Pig.  8  is  a  vertical  sectional  view  of  BN 
filled  enaaelled  wire.  The  general 


properties  of  these  filled  enaaelled  wires 
are  not  auch  different  froa  those  of  clear 
enaaelled  wire  except  repeated  scrape. 
Pilled  enaaelled  wires  have  a  longer  life 
under  the  iapressed  test  at  3  KV  than 
clear  enaaelled  wire.  These  filled 
enaaelled  wires  are  thought  to  have  good 
heat  conductivity.  Por  exaaple,  the  heat 
conductivity  of  fila  containing  30wtX  BN 
is  about  three  tines  that  of  clear  fila. 
These  BN  filled  enaaelled  wires  have  very 
good  properties.  We  prepared  other  filled 
enaaelled  wires,  such  as  aica,  AliO,,  and 
Si,  N«  .  but  their  properties  were  not  so 
good. 

4.  CONCLUSION 

The  theraal  property,  hydrolysis,  and 
radiation  resistivity  of  polyiaides  with 
different  structures  obtained  froa  two 
acid  dianhydrides  and  two  diaaines  were 
studied.  The  results  obtained  in  this 
study  are  suaaarized  below. 

(1)  Tg  is  connected  with  the  rigidity  of 
the  aonoaer  coaponent,  since  polyiaides 
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Table  •.  Properties  of  enamelled  wires 
of  polylalde  V  containing  BN 


Enamelled  wire 

Item 

A 

B 

C 

Varnish(V  component) 

Piller 

— 

BN 

BN 

filler  particle  slze(jj) 

Piller  content  against 

1-6 

1-6 

polyamic  acid(wtX) 

— 

10 

30 

Piller  content  in  polylalde 

of  enamelled  wire(wtX) 

10.2 

29.0 

fils  thickness^) 

40 

41 

43 

(thickness  ratio  of  outer 

clear  layer  and  inner 
filled  layerO/7) 

Mandrel  test 

id  pass 

Id  pass 

Id  pass 

Elongation  and  mandrel (ft) 

>100 

>100 

>100 

Dielectric  breakdowa(KV) 

Abrasion  test 

13.5 

12.0 

12.1 

Repeated  scrape(strokes) 

56 

16 

15 

Unidirection  abrasion  teat(g) 

1860 

1680 

1650 

Cut  through  temperature( * C) 
Elongation  and  mandrel  test  (St) 

398 

>400 

>400 

after  heat  aging  200*Cx24h 

>66 

>88 

>68 

Heat  shock  200*Cxlh 
lapressed  test  in  air 

Id  pars 

Id  pass 

Id  pass 

at  3KV ( AC ) 

2  2h 

35h 

52h 

at  1KV(AC) 

24  5h 

3  1  Oh 

fros  so  noser  coeponents  rich  In  FMDA  and 
PPD  components  have  higher  Tg. 

(2)  Thermal  and  viscosity  stability. and 
hydrolysis  and  radiation  resistivity  are 
mainly  connected  with  the  chemical 
reactivity  of  the  acid  dianhydrlde 
component;  i.e.  PMDA  is  more  reactive  than 
BPDA,  hence  polylaldes  from  BPDA  are  more 
stable. 

(3)  Enamelled  wires  of  polylalde  using 
BPDA  as  one  component,  have  good  radiation 
resistance,  and  a  long  life  under  the 
impressed  test  in  a  NaCl  aqueous  solution. 

(4)  Enamelled  wire  of  polylalde  containing 
BN  has  a  longer  life  under  the  iapresed 
test . 

The  results  of  our  study  provide 
evidence  that  not  only  hoaopolyaers  froa 
BPDA,  but  copolymers  incorporated  with 
BPDA  are  superior  in  theraal,  chemical, 
and  radiation  resistance. 
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P0LY8UTHYLENE  TEREPHTHALATE  (PBT)  WITH  IMPROVED  HYDROLYSIS  RESISTANCE 
AND  LOW  POST  SHRINKAGE  FOR  LOOSE  BUFFER  TUBES 


JOrgen  Eickholt,  Or.  Ralf  SchOIcr 


HOLS  AKTIENGESELLSCHAFT.  4370  Marl,  Wait  Germany 


Mast 

Polybutylene  te-ephthalate  (PBT)  has 
bacon#  th#  material  of  choic#  in  th#  major- 
ity  of  fiber  opcic  loot#  tub#  cabl#  de¬ 
signs.  This  ia  du#  to  th#  good  mechanical 
prop#rtiaa  and  chemical  resistance  coupled 
with  th#  good  processability  of  thia  nate- 
riai.  Th#  thermal  hydcolyaia  raaiatanc#,  aa 
w#.\i  aa  th#  poat  extrusion  ahrinkag#  can  b# 
improved  by  Modifying  th#  tutorial.  Thia 
pap«r  d«acrib«a  th#  uniqu#  charactariatica 
and  capabilities  of  th#a#  n#w  VESTODUR 
xaaina. 


i.  intredvretioti 

Loot#  buffer  tub#  fib«r  optic  cabl#  con- 
atruction  haa  b#an  employed  now  for  tuny 
y#ara  and  th#  raaulting  cablaa  hav#  per- 
fonud  auccaaafully  undar  a  wida  variety  of 
conditiona.  Loose  buffer  tubas  provide  max¬ 
imum  protection  for  th#  fiber  againat  com¬ 
pression  and  tension,  provided  th#  a#l«ct#d 
buffer  materials  are  of  a  satisfactory 
quality.  Polyamid#  12  and  polybutylana 
taraphthalata  (PBT)  ara  widely  used  for 
loose  buffer  tubas.  Although  both  polymers 
tend  to  post  crystallise  and  PBT  in  sensi¬ 
tive  to  hydrolysis  at  higher  temperatures, 
these  polymers  have  represented  the  best 
cost-performance  ratio  for  buffer  tubes 
until  today.  Since  more  and  more  cables  are 
being  installed  in  environments  of  high 
temperature  and  high  humidity,  the  develop¬ 
ment  of  materials  with  improved  hydrolysis 
resistance  and  low  post  shrinkage  became 
necessary. 

z-  Jteagg-faiflaE  tvtre  m trials 

Buffer  materials  for  loose  tubes  have  to 
meet  the  following  reqirements: 

-  easy  processing  with  high  melt  strength 

-  low  coefficient  of  thermal  expansion 

-  low  post  crystallisation 

-  high  flexural  modulus  with  good  kink  re¬ 
sistance 

-  low  moisture  absorption 

-  good  hydrolysis  and  chemical  resistance 


In  order  to  give  a  broad  picture  of  the 
different  properties,  several  PBT  grades 
have  been  included  in  this  paper  for  com¬ 
parison.  On#  thermoplastic  polyester  elas¬ 
tomer,  used  in  th#  market,  hai  b#en  in¬ 
cluded  as  w#ll. 

3.  Hyriislxili., ittiitiast 

All  thermoplastic  polyesters  and  poly¬ 
ester  #lastom#rs  lack  a  good  thermal  hydro¬ 
lysis  resistance.  Commonly  available  mate¬ 
rials  have  a  lifetime  of  approximately 
1  000  hours  at  80  *C  in  water.  The  elonga- 
tion  at  break  and  the  chang#  in  viscosity 
number  are  two  suitable  crateria  to  deter¬ 
mine  degradation  of  polyesters  due  to 
moisture  exposure. 
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As  shown  in  Figure  X,  resin  vim  is  supe¬ 
rior  to  the  other  resins  in  water  st 
•0  *C.  Ms  consider  s  residual  elongation 
of  5  %  as  the  minimum  elongation  to  keep  a 
fiber  optic  cable  in  function,  From  figure 
2  follows  that  an  elongation  of  5  %  relates 
to  a  viscosity  number  of  approx.  70  cm  /g. 
Below  this  viscosity  number,  most  thermo¬ 
plastic  polyesters  start  to  embrittle. 

4.  Post  extrusion  shrinkage 

Most  of  the  loose  buffer  tube  materials 
are  semicrystslllne  in  nature  with  the 
tendency  to  post  crystallise.  It  is  known, 
that  equilibrium  crystallinity  is  not 
achived  by  normal  quenching.  Further  crys¬ 
tallisation  can  therefore  occur  as  a  func¬ 
tion  of  temperature  and  time.  This  post 
crystallisation  is  prevalent  above  the 
glass  transition  temperature,  a  temperature 
above  which  many  cables  are  cycled  during 
testing  or  exposed  to  in  some  applications. 
Thy  crystallinity  of  PBT  loose  buffer  tubes 
cun  be  influenced  by  the  cooling  rate  of 
the  melt. 


All  data  were  determined  on  2,S  x  1,7  mm 
tubes,  extruded  at  a  speed  of  50  respec¬ 
tively  100  m/min  and  stored  for  one  week  at 
23  *C  with  SO  I  relative  humidity  (standard 
climate).  Loose  buffer  tubes  spooled  onto  a 
reel  would  not  show  this  high  levels  be¬ 
cause  of  a  hindered  shrinkage,  nevertheless 
many  processors  wind  and  store  the  tubes  on 
plates,  whore  a  free  shrinkage  can  occur. 
In  a  strain  free  position,  the  contraction 
must  therefore  remain  smaller  than  0,1  4  to 
provent  the  fiber  form  being  pressed 
against  the  inner  wall  of  the  tube  or  at¬ 
tenuation  increases  will  occur. 


Figure  4  shows  the  post  shrinkage  of  the 
newly  developed  resin  VLS  compared  to  that 
of  a  commonly  available  PBT  quenched  in 
cold  water.  Even  after  2  month  storage  at 
standard  climate  resin  VLS  reveals  no  post 
extrusion  shrinkage.  This  behavior  does  not 
change  substantially  when  the  tube  is  aged 
for  24  hours  at  60  *C.  The  total  shrinkage 
of  tubes  prepared  from  this  resin  was  only 
0,1  4. 


*  As  shown  in  figure  3,  cold  water 
quenching  yields  in  a  low  crystalline  mate¬ 
rial,  resulting  in  a  low  post  extrusion 
shrinkage  of  approximately  0,1  4.  Heat 
aging  this  tube  above  the  glass  transition 
temperature  (24  hours  at  60  *C)  will  result 
in  furthor  crystallisation  causing  an  addi¬ 
tional  shrinkage  of  0,35  4. 

*  Quenching  the  tube  in  warm  water  (70  °C) 
will  result  in  a  higher  crystalline  materi¬ 
al,  with  a  post  extrusion  shrinkage  of 
0,45  %  and  an  additional  shrinkage  of 
0,15  4  after  heat  aging. 


5.  General  properties 

The  next  table  (figure  5)  shows  the  typical 
property  values  of  the  new  resin  in  compar¬ 
ison  to  conventionally  available  PBT's.  It 
is  worth  noting,  that  resin  VLS  exhibits  a 
much  lower  coefficient  of  thermal  expansion 
above  50  *C  as  compared  to  resin  V,  a i 
shown  in  figure  6. 
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Conclusions 

1.  A  now  modified  polybutylono  taroph- 
thalato  roain  hao  been  developed  to  fulfil 
the  requirements  for  optical  fibor  looso 
jacketing  in  environments  with  high  tempe¬ 
rature  and  humidity. 

2.  By  modifying  polybutylono  torophthalato 
in  a  suitable  mannor,  tho  post  extrusion 
shrinkage  can  bo  minimized  to  moot  all  re¬ 
quirements  of  fibor  optic  Ioobo  tuba  cable 
designs. 


JUrgan  Eickholt  is  a  mombar  of  tho  techni¬ 
cal  sorvico  and  markoting  staff  for  engi¬ 
neering  plastics  at  Hills  AG,  Marl,  West 
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clude  the  world  wido  tochnical  sorvico  and 
markoting  of  materials  for  fibor  optic 
jacketing  and  technical  support  to  tho 
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AG. 


Ralf  Schiller  is  member  of  tho  research  and 
development  staff  at  HUls  AG,  Marl,  West 
Gormany.  Ho  is. tho  Technical  Supervisor  of 
tho  VESTODUR'  '  group  and  responsible  for 
tho  development  of  PBT-  and  Copolyostor 
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FACTORS  THAT  INFLUENCE  PIC  DEGRADATION  OP 
PILLED  POAKSXIH  TELEPHONE  CABLE 


Linwood  p.  Balts 


3M 


ABSTRACT: 

This  paper  will  show  soma  of  the 
consequences  of  aging  PIC  foanskin 
insulation  under  various  conditions.  One 
o C  the  Boat  dolotorious  conditions  will 
bo  shown  to  ba  insulation  that  has  not 
boon  cleaned  of  filling  conpound,  and  is 
thon  exposed  co  air  at  elevated  aging 
tenperatures.  The  data  indicates  that 
cleaning  the  conductors  before  aging  gives 
superior  aging  characteristics.  Yet  it 
is  a  connonly  hold  belief  in  the  industry 
that  not  cleaning  the  conductors  is  nore 
beneficial.  This  papor  gives  onplo 
evidence  that  this  view  is  false,  at  least 
in  the  case  of  foanskin  covorcd 
conductors. 


INTRODUCTION : 

The  investigation  of  plastic  insulated 
conductors  (PIC)  and  the  ncchanicns  of 
its  degradation  has  boon  going  on  in  sono 
forn  or  other  for  over  20  years.  During 
this  tine  the  industry  has  moved  from  low 
density  to  high  density  polyethylene 
insulation,  has  briefly  used 
polypropylene,  and  has  nost  recently 
invested  heavily  in  foan  and  foanskin 
insulations.  With  each  passing  year 

exporinentation  yields  now  facts  about 
the  plastic  insulation  and  the  factors 
that  affect  its  longevity.  The  general 
consensus  in  the  telephone  industry  is 
that  PIC  degradation  is  primarily  caused 
by  the  loss  of  antioxidants  from  the 
polyethylene  insulation  that  is  extruded 
onto  the  copper  conductors.6  Filled 
cables  are  particularly  susceptible  to 
this  loss  of  antioxidant,  evidently 
because  of  solubility  considerations 
between  the  filler  and  the  antioxidant, 
and  recently  there  has  been  more  and  nore 
data  indicating  that  foamed  insulations 
are  more  likely  to  show  early  degradation 
than  solid  insulations. 


Much  effort  has  been  expended  to  determine 
how  fast  various  antioxidants  and 
combinations  of  antioxidants  lose  their 
effectiveness  when  exposed  to  the  pedestal 
environment. 1  Research  has  shoun  that  dry 
heat  aging  either  in  a  pedestal  or  in  a 
laboratory  air-circulating  ovon  will 
eventually  load  to  cracking  of  PIC 
insulation.  These  cracking  tests  have 
been  supplemented  with  tha  so-called  OIT, 
or  oxygon  induction  time,  which  measures 
how  such  antioxidant  is  left  in  a  sample 
of  insulation.  While  OIT  measurements  can 
be  very  accurato,  thoy  are  generally 
acknowledged  to  be  only  indicators  of 
susceptibility  of  conductors  to  cracking, 
not  accurate  predictors  of  when  cracking 
will  occur.  Nevertheless,  The  OIT 
Hcdsurosent  is  a  valuable  tool  to 
determine  what  kinds  of  changes  are 
occurring  in  a  particular  insulation 
sample  undor  a  given  set  of  conditions. 

Several  othor  factors  basidos  the  loss  ot 
antioxidant  are  also  suspected  to  bo 
important.10  Certainly  excessive  handling 
and  re-working  of  Pic  is  a  problem  in 
pcdostals  that  are  rc-ontorod  often. 
Likewise,  the  specific  chomical 
environment  in  any  given  location  may  have 
a  bearing  on  the  amount  of  degradation 
that  occurs.  Fertilizers,  insocticides, 
decomposition  products,  etc.  will  all  have 
an  effect.  Many  of  these  factors  are 
difficult  to  control  unless  the  PIC 
insulation  is  given  extra  protection  from 
its  surroundings. 

The  purpose  of  this  research  is  to 
discover  still  more  details  about  sono  of 
the  factors  that  affect  PIC,  especially 
foamed  insulations  in  filled  cable.  One 
of  the  surprising  results  of  the  current 
study  is  the  clear  relationship  that  has 
emerged  between  the  cleaning  of  filled 
cable  and  the  subsequent  life  expectancy 
of  foamed  insulation.  This  paper  will 
show  that,  contrary  to  what  has  often  been 
assumed,  when  some  filled  cables  are 
exposed  to  a  warn  oxidizing  environment. 
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such  as  a  telephone  pedestal,  cleaning 
can  make  a  major  difference  to  the 
expected  lifetiae  of  the  insulation.  Data 
will  bo  shown  to  support  the  contention 
that,  while  cleaning  aay  cause  an  initial 
lowering  of  certain  electrical  insulation 
teat  values  due  to  reaoval  of  the  surface 
layer  of  filling  coapound,  in  fact  not 
cleaning  the  conductors  will  in  the  long 
run  lead  to  faster  cracking  due 
(presumably)  to  the  absorption  of 
antioxidants  into  the  filling  coapound. 
This  affect  occurs  even  with  the  ETPR 
(extended  thermoplastic  rubber)  type  of 
filling  compounds.'1 

In  addition,  we  will  investigate  the 
effect  of  water  on  the  loss  of 
antioxidants  from  PIC  insulations. 
Although  there  have  been  speculations 
about  the  affects  of  water  in  pedestals, 
especially  water  due  to  atmospheric 
condensation,  there  is  very  little  real 
data  to  quantify  what  those  effects  might 
be.  based  on  our  research  water  does  have 
a  definite  deleterious  effect  on  foamed 
PIC  insulations. 

EXPERIMENTAL  DESCRIPTION: 

The  major  part  of  this  work  involved  the 
aging  of  twisted  wire  pairs  in  hot  air 
circulating  ovens  at  several  temperatures. 
All  pairs  were  looped  around  a  half  inch 
rod  and  twisted  to  give  a  uniform 
mechanical  stress  to  the  insulation.  All 
color  wires  were  used  except  black  because 
there  was  some  initial  thought  that  black 
conductor  insulation  might  be  inherently 
more  stable  than  the  other  colors.  In 
general,  six  conductors  or  three  pairs 
were  tested  for  any  one  condition  and 
length  of  time.  This  moans  that  test 
samples  were  not  removed  from  the  test 
environment,  tested,  and  then  replaced 
into  the  tost  environment.  Once  samples 
were  removed  for  testing  they  were  out  of 
the  test  and  aging  sequence.  This  allowed 
us  to  run  destructive  tests  such  as  the 
dielectric  breakdown  value. 

All  samples  unless  otherwise  noted  were 
made  from  16  inch  lengths  of  24-gauge 
foamskin  insulated  conductors  taken  from 
a  Western  Electric  cable  filled  with 
Flexgei  (I)  that  had  been  manufactured  in 
late  1986  or  early  1987.  This  particular 
cable  was  found  to  have  OIT  values  between 
20  and  30  minutes.  In  other  words  its  OIT 
was  on  the  edge  of  the  current 
acceptability  requirement  for  filled 
telephone  cables.  This  gave  us  a  good 
model  system  that  in  effect  was  "pre-aged" 
and  would  give  results  within  a  reasonable 
time  frame  and  at  reasonably  low  aging 
temperatures.  (Although  it  should  be  made 
clear  that  for  the  aging  tests  described 
below  this  cable  was  not  actually  pre-aged 
in  the  sense  of  heating  for  a  specific 


time  and  temperature  before  oven  testing 
was  begun) .  It  was  recognized  that  the 
conclusions  from  this  particular  cable 
would  have  to  be  shown  to  be  applicable 
to  the  more  heavily  stabilized  systems 
that  the  cable  industry  was  moving 
towards.  This  subject  will  be  expanded 
upon  in  the  latter  portions  of  this  paper. 

Samples  were  aged  that  were  cleaned  and 
that  were  not  cleanad.  The  cleaning 
agents  used  were  3M's  4413  Cable  cleaning 
kit,  a  blend  of  solvents  designed  to 
dissolve  grease  and  filling  compounds,  yet 
be  gentle  to  the  antioxidant  system,  and 
lamp  oil,  a  common  solvent  used  by  some 
craftsmen.  In  addition,  various  sprays 
that  were  formulated  to  enhance  the  life 
of  PIC  insulation  were  tested  on  both 
cleaned  and  uncleaned  conductors.  The 
three  types  of  sprays,  a  urethane,  a 
drying  oil  coating,  ar.d  a  silicone,  are 
described  in  more  detail  in  a  later 
section. 

Several  tests  were  run  on  the  samples  when 
they  were  removed  from  testing.  The  first 
to  be  discussed  will  be  the  visual 
observations.  All  the  conductors  were 
examined  with  a  7x  handheld  magnifier  to 
determine  if  cracking  had  occurred.  Ba’.ad 
on  numerous  observations,  visual  cracking 
was  divided  into  four  numerical  severity 
categories;  samples  were  assigned  a  one 
if  there  was  no  visual  evidence  of  cracks 
using  a  7x  magnifier;  two  if  there  were 
one  or  two  cracks  per  pair  with  little  or 
no  copper  showing  through;  three  war 
moderate  cracking,  if  there  were  more  than 
two  cracks  and  if  the  copper  conductor  was 
obviously  exposed;  and  four  was  severe 
cracking,  if  the  sample  showed  general 
cracking  (usually  a  crack  at  each  twist 
of  the  twisted  pair)  and  exposed  copper 
at  every  break  in  the  insulation.  In 
addition  to  the  visual  observations, 
insulation  resistance  tests  were  run  on 
each  wire  and  the  dielectric  breakdown  was 
measured  between  each  pair  of  conductors. 
Insulation  resistance  is  measured  in  ohms 
and  was  run  in  salt  water  at  250  volts 
applied  potential.  Dielectric  breakdown 
strength  was  run  in  air  at  a  rise  rate  of 
500  volts  per  second  and  is  measured  in 
kilovolts.  In  almost  every  instance 
dielectric  failure  occurred  between  the 
two  conductors  in  the  twisted  area  of  the 
samples.  Table  one  lists  the  data 
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collected  for  control  samples  that  were 
aged  for  threa  to  twenty-three  weeks  at 
1S0*F.  These  samples  were  q cleaned. 
Unless  otherwise  noted,  "not  cleaned" 
means  that  the  bulk  of  the  filling 
compound  was  removed  from  the  conductor 
insulation  with  a  clean  dry  rag,  similar 
to  what  commonly  would  be  done  in  a  field 
situation.  The  amount  of  filling  compound 
left  on  these  samples  was  estimated  to  be 
typical  for  filled  cable  installations 
that  commonly  can  be  found  in  service. 
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Table  two  lists  the  data  from  similar 
samples,  aged  exactly  the  same  as  the 
uncleaned  samples  in  table  l,  except  that 
these  samples  wore  cleaned  with  3M'«  4413 
cleaning  solvent.  Note  the  great 
differences  between  these  two  sets  of  data 
after  23  weeks  aging.  Through  12  weeks 
there  were  very  few  differences  noted 
between  the  cleaned  and  uncloaned 
specimens.  At  23  weeks  aging  at  180°F, 
however,  the  uncleaned  samples  had 
degraded  very  significantly.  Insulation 
resistance  readings  fell  to  zero  duo  to 
exposed  copper,  and  dielectric  breakdown 
voltages  fell  sharply.  Additional  samples 
were  run  that  were  cleaned  with  lamp  oil 
that  gave  very  similar  results  to  those 
that  were  cleaned  with  4413. 
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Charts  one  through  four  attempt  to  show 
the  date  in  an  easily  visualized  fora. 
The  first  two  charts  show  the  insulation 
resistance  (on  a  logarithmic  y  scale)  and 
the  dielectric  breakdown  voltages  for 
cleaned  and  uncleaned  samples  during  the 
aging  procoss.  In  most  of  the  testing, 
cleaning  gives  a  somewhat  lower  initial 
value  for  electrical  tests  such  as  the 
dielectric  breakdown,  but  over  the  long 
run  the  uncleaned  samples  begin  to  lose 
their  advantage  and  deteriorate  badly 
compared  to  the  cleaned  samples.  Chart 
2  is  a  good  example.  The  unclcnned 
specimens  actually  start  at  a 
significantly  higher  value,  10.7  KV  vs  7.9 
KV,  but  at  12  weeks  aging  at  180*F  the 
values  are  very  close  and  at  23  weeks 
aging  the  cleaned  samples  have  proven  to 
be  superior. 
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Samples  identical  to  those  above  were  run 
at  exactly  the  sane  aging  times  and 
conditions  except  that  these  samples  were 
washed  twice  per  week  for  15  seconds  in 
tap  water.  This  was  do~e  in  order  to  test 
for  the  effects  of  wate^  washing  such  as 
might  occur  in  a  pedestal  due  to 
condensation.  The  results  of  these  tests 
are  shown  in  the  next  two  tables,  table 
3  describing  the  data  for  uncleaned  water 
wathsd  samples  and  table  4  for  cleaned 
V*t«r  yashfid  samples. 


charts  3  &  4  describe  the  relationship 
between  cracking  and  dielectric  breakdown 
by  combining  these  two  data  series  on  the 
same  graph.  Note  the  different 
appearances  of  these  charts  depending  upon 
whether  the  conductors  were  cleaned  or 
not. 
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Ones  again  tha  unclaanad  samples  fared 
poorly  in  all  teat  areas  after  23  weeks 
aging  compared  to  the  cleanad  samples. 
Comparing  the  uncleaned  water  washed 
samples  with  the  uncleaned  dry  samples 
(table  1)  revealed  that  there  was  a 
constantly  diminished  performance  from 
the  washed  specimens.  Signs  of 

degradation  occurred  at  only  12  weeks  for 
the  uncleaned  washed  samples.  One  of  the 
conductors  had  slight  cracking  and  gave 
a  low  insulation  resistance  reading  and 
the  average  dielectric  breakdown  value  was 
lower  than  for  the  corresponding  dry 
samples.  This  is  a  smaller  effect  than 
the  effect  of  cleaning  but  it  is 
nevertheless  significant.  The  following 
charts  make  this  clearer. 
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These  charts  illustrate  the  degradation 
that  started  to  occur  at  12  weeks  aging. 
Chart  5  again  reveals  the  degradation  of 
uncleaned  PIC  but  at  a  somewhat  faster 
rate  than  was  seen  in  chart  3  (the  dry 
samples) .  At  12  weeks  there  was  evidence 
of  cracking  starting  to  occur  in  the 
washed,  uncleaned  conductors.  The  data 
at  12  weeks  for  the  washed  uncleaned 
samples  is  similar  to  the  data  at  23  weeks 
for  the  washed  cleaned  samples  (dielectric 
breakdown  in  the  low  5  KV  region  and 
evidence  of  slight  cracking) .  This  might 
indicate  that,  under  these  conditions,  one 
could  expect  about  a  doubling  of  the  life 
of  tha  insulation  if  it  were  cleaned. 
Comparison  of  charts  5  and  6  show 
substantial  differences  in  the  behavior 
of  the  insulation  dependent  on  cleaning, 
but  the  effect  of  the  water  washing  is 
perhaps  more  clear  when  comparing  charts 
4  and  6,  which  represent  the  data  for 
cleaned  conductors.  It  is  evident  that 
the  effect  of  the  water  washing  is  to 
shorten  the  lifetime  of  the  insulation. 

In  every  one  of  these  comparison  tests, 
the  cleaned  samples  out-performed  the 
uncleaned  conductors.  In  some  conditions 
or  parts  of  the  country,  however,  one 
night  wish  for  additional  protection  for 
the  wireworks  in  a  pedestal  environment 
beyond  what  can  be  gained  through  cleaning 
alone.  For  this  reason  ve  also  looked  at 
several  of  the  sprays  that  are  on  the 
jark'it  and  that  are  used  to  coat  PIC  for 
’\rK.  roason  or  another.  Tests  were  also 
-vs*,  up  to  determine  the  usefulness  of 
laentary  inner  pedestal  closures, 
wiUch  have  lately  been  used  to  protect  the 
conductors  in  pedestals  from  casual 
handling  and  environmental  exposure. 
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Thr..  type.  of  sprays  wars  tasted.  Spray 
A  is  a  ura'thana  coating  produced  by  3H 
known  as  PXC  Spray  530X.  Xt  was 
originally  developed  for  use  on  low 
density  insulations  but  is  effective  in 
repairing  insulation  breaks  in  all  types 
of  polyethylene  coated  conductors.  Spray 
B  is  an  electrical  varnish/phenolic  type 
spray  that  is  Made  for  the  purposa  of 
coating  PXC  that  is  at  risk  of  cracking. 
Spray  C  is  a  silicone-fluoride  copolymer 
that  is  intended  to  be  used  as  a 
protective  coating  for  outside  plsnt 
connectors  and  as  such  will  certainly  coat 
the  conductors  around  those  connectors. 

The  three  types  of  sprays  were  tested  on 
both  cleaned  and  uncleaned  PXC  insulation 
and  in  both  dry  and  wator  washed 
conditions.  Three  coats  of  each  spray 
were  used  on  the  samples.  The  coatings 
were  allowed  to  air  dry  between  sprayings, 
3  Minutes  for  spray  A,  30  minutes  for 
sprays  B  and  c  (sprays  B  and  c  were  much 
slower  drying  than  A) .  Spray  hoad 
application  speed  vac  one  foot/sucond  at 
a  distance  of  nine  inches.  Tables  5  and 
6  show  a  synopsis  of  the  data  of  the 
sprays  for  the  uncl.ancd  sample  condition. 
(Note  that,  for  h.-evity's  sake,  the  data 
for  tables  5  aru  6  are  actually  averagas 
of  six  samples  for  each  data  point  shown. 
Under  insulation  resistance,  rather  than 
showing  the  data  in  ohms  for  each  reading, 
the  percent  of  "good"  samples  are  shown. 
In  other  words,  for  sprays  A  and  B  at  23 
weeks  aging,  all  of  the  samples  chowed  the 
desired  high  resistance,  while  two  of  the 
six  samples  for  spray  C  failed  the 
insulation  resistance  tost.  The  column 
on  table  5  marked  "controls"  is  simply  a 
restatement  of  table  1  in  a  condensed  form 
and  the  similar  column  on  table  6 
corresponds  to  toblo  3.) 
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One  of  the  surprising  results  of  this  test 
ssrios  was  the  effect  of  the  various 
sprays  on  unclsaned  filled  PXC.  Xt  is 
generally  assumed  that  spraying  any  kind 
of  coating  on  a  greasy  surfacs  is 
lneffectivs.  However  all  of  our  data 
indicates  that,  Especially  for  sprays  A 
and  B,  this  can  bo  an  effective  techniqua 
for  retarding  degradation.  one  might 
postulate  that  this  was  duj  to  the 
cleaning  effect  of  the  sprays,  that  is, 
that  in  spraying  ths  greasy  conductors 
most  of  the  grease  was  washed  off  and  in 
effect  tho  same  result  could  have  been 
obtained  through  cleaning  alone.  There 
seems  to  be  more  to  the  sprays, 
effectiveness  than  that,  howover. 
Consider  the  cleaned,  water-washed  samples 
that  wore  not  sprayed  (table  4).  At  23 
weeks  theso  samples  showed  evidence  of 
degradation  starting  to  occur  both  in  the 
observed  cracking  and  in  the  lowered 
dielectric  breakdown  voltage.  When 
similar  samples  wore  sprayed,  on  the  other 
hand,  (table  8)  they  continued  to  look 
very  good  to  23  weeks  aging  even  with 
water  washing.  (See  tables  7  and  8  for 
the  data  for  cleaned  and  sprayed 
conductors.  Koto  also  in  table  8  that, 
for  wator  washed  samples,  spray  c  actually 
seems  to  be  detrimental  to  the  PXC  and 
gives  worse  results  than  th«  controls  with 
no  spray  at  all.) 
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Clearly,  the  initial  cleaning  of  filled 
cable  when  it  is  brought  up  into  a 
pedestal  is  of  primary  importance,  even 
vith  the  ETPR  type  of  filling  compounds. 
Spraying  those  conductors  with  one  of  the 
two  effective  sprays  adds  an  extra  measure 
of  safety,  especially  if  the  conductors 
will  be  exposed  to  condensation  or  if  the 
cleaning  step  was  not  done  well.  There 
is  one  other  line  of  defense  that  was 
alluded  to  before,  and  that  is  the 
supplementary  inner  pedestal  closure 
concept.  This  not  only  protects  the 
conductors  from  the  effects  of 


condensation  and  other  transitory 
environmental  factors,  but  also 
discourages  casual  handling  and  re-working 
of  the  conductors  while  at  the  same  time 
allowing  access  for  legitimate  needs. 

A  series  of  tests  was  carried  out  that 
compares  the  relative  cracking  times  for 
various  PXC  cables  that  were  aged  in  both 
an  "exposed*  condition  in  a  hot  air  aging 
oven  and  a  "protected"  condition  in  the 
same  oven.  This  test  was  carried  out  at 
both  180°F  and  200*F.  The  protected 
samplos  were  aged  in  glass  containers 
sealed  with  foam  tape  and  3M's  PST  (pre- 
stretchcd  tubing)  to  give  an  air-tight 
seal.  This  experimental  arrangement  was 
chosen  to  give  the  best  visual  access  to 
the  samples  so  that  they  could  be  observed 
without  continually  disturbing  the 
experiment.  Control  samples  of  3M  brand 
PST  pedestal  closures  of  similar  internal 
volume  were  also  included  in  the  test  to 
verify  that  what  was  happening  in  the 
glass  closure  was  similar  to  the  actual 
pedestal  closure.  The  exposed  samples 
were  aged  in  both  the  cleaned  and 
uncleaned  condition.  The  results  of  this 
test  are  summarized  in  chart  7.  Again  the 
trends  are  similar  to  what  we  have  seen 
before.  After  only  12  weeks  aging  the 
uncleaned  exposed  samples  are  cracking 
significantly  faster  than  the  cleaned 
exposed  samples.  However,  the  protected 
samples  have  shown  no  cracking,  oven  at 
200  degrees. 
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Finally,  thara  is  tha  question  of  whether 
the  results  gathered  on  a  cable 
manufactured  two  and  a  half  to  three  years 
ago,  and  that  has  an  OIT  on  the  lower  end 
of  the  acceptance  scale,  can  predict  what 
will  happen  to  the  newer  cables.  To 
answer  this  question  ve  gathered  samples 
of  cable  fros  three  different 
manufacturers,  all  of  1988  or  early  1989 
vintage,  that  us  ad  various  filling 
compounds.  Me  started  aging  them  early 
in  1989.  No  pre-aging  at  elevated 
temperature  was  done  on  these  cables  since 
this  was  not  done  on  the  original  cable 
studied.  Several  interesting  facts 
emerged.  First,  all  these  samples  had 
substantially  higher  OIT's  than  the 
original  cable  tested.  They  also  aged 
better  than  that  original  cable.  However, 
they  also  began  to  crack  on  a  basis 
consistent  with  the  trends  we  have  already 
noted .  That  is,  the  uncleaned  foamskin 
cables  filled  with  ETPR  (Flexgel)  began 
to  crack  first.  In  fact,  there  seems  to 
be  a  definite  correlation  so  far  with  the 
OIT  obtained  on  a  specific  cable  and  the 
endurance  with  which  it  ages.  Based  on 
the  results  obtained  to  date,  filled 
foamskin  cable  will  continue  to  experience 
field  failures.  See  table  9  with  a  list 
of  the  cable  types  and  the  data  for  each. 
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The  samples  that  were  aged  in  a  protected 
environment  to  simulate  a  pedestal  closure 
were  also  consistent  wirh  previously 
obtained  results.  Zn  other  words,  there 
is  every  reason  to  believe  that,  even  with 
the  new  cables  with  improved  antioxidant 
systems,  cleaning  the  cables  where  they 
are  brought  up  into  a  pedestal,  using  an 
effective  spray  coating,  and  employing  a 
secondary  closure  within  the  pedestal  will 
all  work  to  significantly  prolong  the  life 
of  foamskin  filled  PIC  cables. 


In  conclusion,  based  on  the  aging  tests 
performed,  the  data  is  very  consistent  in 
supporting  the  importance  of  cleaning 
filled  cable.  There  is  evidence  that 
water-washing  of  PIC  can  have  a 
deleterious  effect  on  its  aging 
characteristics,  and  the  use  of  sprays  and 
pedestal  closures  provide  effective  ways 
of  minimizing  the  risks  of  premature 
failure  of  the  PZC  in  a  pedestal.  Aging 
tests  are  continuing  in  this  and  other 
laboratories.  Undoubtedly  the  final  word 
has  not  yet  been  spoken  on  the  subject  of 
PIC  degradation;  however,  as  the  knowledge 
base  expands  around  this  highly  visible 
topic  there  will  emerge  more  and  more  ways 
to  cope  with  the  problem,  utilizing  both 
better  cable  and  plastics  technology  and 
more  effective  installation  and 
maintenance  procedures. 
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ABSTRACT 

Results  on  a  very  large  scale  installation  of  a  fibre 
optic  distribution  network  arc  given.  When  writing  this 
paper,  Quantities  installed  were  about  the  following  : 
Number  of  connectable  subscribers  :  300000  Quantity 
of  fibre  :  70000  km  Number  of  connections  (Individual 
fibres)  s  7 00000. 

This  is  a  part  of  a  more  important  project  that  will 
lead  within  some  years  to  a  network  for  about  900000 
connectable  subscribers. 

Evolutions  on  some  constitutive  components  of  the 
network,  compared  to  a  previous  description,  are  also 
detailed. 

As  a  general  conclusion,  it  appears  that  the  results  In 
teuns  of  characteristics  (l.e.  power  budget)  and 
Implementation  time  are  perfectly  In  line  with 
preliminary  evaluations. 


I  -  INTRODUCTION 

The  Installation  of  a  large  scale  fibre-to-home  project 
started  in  France  In  1936.  A  first  phase  of  the  project 
designed  for  CATV  distribution  and  implemented  in 
more  than  ten  different  locations,  corresponds  to  a 
fibre  optic  network  for  4209 00  subscribers, 
Considering  the  following  phases,  we  are  now  involved 
in  a  project  corresponding  to  a  total  of  about  900000 
connectable  subscribers  (I). 

A  joint  venture  has  been  established  between  Alcatel 
CIT  and  Les  CSblcs  de  Lyon  to  deliver  turn-key 
systems.  CSbles  de  Lyon  is  responsible  of  the  complete 
cable  plant  including  engineering,  development  and 
production  of  cables  and  accessories,  installation  and 
on-site  measurements. 

The  development  of  the  network  is  done  at  a  speed  of 
about  100000  connectable  subscribers  /  year.  It  means 
that  at  the  end  of  1989,  more  than  30  %  of  the  first 
phase  will  be  in  operation. 


?  -  DESCRIPTION  OF  THE  NETWORK 

The  network  Is  of  the  "double  star  switched"  kind. 
Switches  or  selectors  are  housed  in  distribution 
centers  that  can  serve  960  subscribers. 


The  distribution  network  has  been  described  In 
details  previously  (2)  It  is  a  star  network  and  five 
fibres  are  used  for  the  10  homes  :  wavelength 
multiplexing  is  used  to  serve  the  sixth  to  tenth 
subscribers  at  1300  nm  since  the  first  five 
subscribers  are  connected  using  the  first  window 
(around  349  nm). 

The  figure  I  shows  a  typical  configuration  of  the 
distribution  network. 


Figure  I 

3  -  CABLES 

Cables  use  a  reverse  helix  slotted  core  structure. 
They  are  produced  by  stranding  basic  units  with  IO 
grooves  (one  fiber  per  groove)  (see  figure  2).  This 
design  has  been  selected  considering  the 
importance  of  splice  -related  considerations  (2). 
The  range  of  standard  cables  is  29  -  39  -  59  -  79  - 
90  -120  -  150  and  210  fibres  The  210  fibre  cable 
has  been  used  for  the  first  installations.  Now, 
considering  the  safety  aspect  and  possibilities  of 
network  optimization,  the  larges'  used  is  the  150 
fibres. 
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Figure  7 


Physical  parameters  of  the  cables  arc  given  in  Table  1 
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Table  I 


For  linking  the  drop  terminals,  5  fibre  cables  are  used 
with  three  different  versions : 

-  duct  type  with  .jminated  aluminium  and  high 
density  polycthylcm  oath  (O.D.  7.5  mm) 

•  wall  mounted,  outside  use  :  jelly  filled  cable  (O.D. 
7.5  mm) 

-  aerial :  Optical  core  similar  to  the  previous  one  - 

S  -  shaped  structure  with  a  19  x  9.S  mm  galvanized 
steel  messenger. 

ft  -  ACCESSORIES 

Cable  accessories,  which  have  been  developed  in 
parallel  with  the  cable  structures  in  order  to  obtain 
the  best  fitting  all  along  the  line,  have  been  described 
in  details  in  a  previous  paper  (2)  and  we  just  recall 
here  the  more  important  points. 


Splice  selection  s  a  carcfu'  selection  has  been  done 
taking  into  account  the  specific  conditions  of  a 
distribution  network  or.d  including  Quality  of  splice, 
easy  field  installation  end  costs. 

The  ATI  Plaeoptle  system  has  been  selected  (3) 

Semi  permanent  splices  :  these  devices  arc 
intermediate  between  a  permanent  splice  and  a 
connector,  as  they  offer  a  limited  number  of 
reinterventions,  compatible  with  the  network 
operation  (ft). 

Splice  housing  :  the  design  uses  a  cassette  splice 
organizer  that  can  store  on  its  periphery  extra 
lengths  of  cable  units  wounded  like  on  a  drum,  in 
order  to  leave  the  possibility  to  perforin  the  spike 
few  meters  off  its  final  location  without  having  to 
loop  the  rumpletc  cable. 

Drop  terminals  :  It  realizes  the  fanning  cut  of  the 
distribution  cables  and  the  connection  to  the  single 
fibre  drop  cables. 

Furthermore  the  drop  terminal  houses  the 
frequency  demultiplexer  on  the  subscriber's  side. 

5  -  EVOLUTIONS  ON  THE  COMPONENTS 

Since  the  last  presentation  in  I9S7.  some 
evolutions  have  been  done  in  some  constitutive 
components  ef  the  network. 

Splice  housing  :  the  first  version  of  the  splice 
housing  was  using  for  the  outer  box  a  reinforced 
moulded  plastic.  This  version  is  still  used  (or 
example  m  buildings. 

For  underground  applications,  a  new  version  has 
been  developed,  which  is  waterproof  under  ft  in  of 
water  instead  of  1  m  for  the  first  version.  The 
outer  box  Is  made  of  passivated  cast  aluminium 
alloy.  The  internal  design  is  not  changed  and,  in 
particular,  cassette  splice  organizers  arc  ti.*>  same 
for  both  versions  (figure  3). 


Figure  3 


Boxes  for  3,9  or  15  cassettes  (19  fibre  splices  each) 
are  available. 
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Drop  terminals 

First  subscriber's  connections  in  drop  terminal*  were 
made  by  using  splices  a*  the  characteristic*  of  the 
first  semipermanent  splice*  were  not  convenient  for 
outdoor  operation. 

Improvements  liavc  been  made  on  these 
characteristic*  in  order  to  Qualify  these 
semipermanent  splices  for  use  in  the  drop  terminals. 
This  new  component,  called  OPTOCUP.  is 
manufactured  by  the  company  DEUTSCH. 


It  is  composed  of : 

-  two  contacts  each  allowing  fibre  and  cable  retention 
through  a  crimping  ferrule,  as  fibre  end  protection 
when  unmated. 


-  one  receptacle  allowing  contact  retention  direct 
alignment  of  two  fibres,  end  to  end  through  an  Index 
matching  liquid  premounted  inside  the  center,  and 
fixation  on  a  stand. 


Tlte  figure  4  shows  a  drop  terminal  coulppcd  with  semi 
permanent  splices  and  frequency  demultiplexers.  It 
corresponds  in  the  shown  configuration  to  seven 
connected  subscribers  (two  demultiplexers). 


Figure  8 


6  -  RESULTS  ON  INSTALLATION 

The  following  results  correspond  to  the  situation  at 
mld-89  as  given  in  Tabic  It.  The  table  summarizes 
the  evolution  of  the  installation  and  the  quantities 
involved  for  the  main  components  of  the 
distribution  network. 

The  quantities  corresponding  to  subscriber's 
connection  to  the  drop  terminals  (l.c.  drop  cable) 
are  not  Included. 
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Table  II 


Situation  of  distribution  network  installation. 

The  power  budget  for  the  distribution  line  between 
the  distribution  center  and  the  drop  terminal  has 
been  found  between  1.5  and  5.5  dB  at  S50  nm.  It 
Includes  the  connecting  losses  at  both  ends 
(distribution  center  and  drop  terminal)  a  length  of 
cable  between  200  in  and  I  km  and  1  to  3  splices. 
The  average  attenuation  of  splices  at  850  nm  Is 
0.15  dB  and  the  standard  deviation  Is  0.1 8  5.  The 
figure  5  shows  an  histogram  of  the  attenuation  of 
line  splices. 


Man  or  trued 
i  »  io  ooo  I 


Figure  5 

The  semipermanent  splices  show  an  average 
insertion  loss  of  0.3  dB  and  a  standard  deviation  of 
0.1 5  dB. 
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CONCLUSIONS 


The  results  obtained  in  term  o(  transmission 
characteristics  (power  budget.  Individual 

attenuation?,  bandwidth)  arc  perfectly  in  line  with  the 
preliminary  evaluation?  u?cd  (or  designing  the  ?y?tem. 

Practical  experience  gained  during  a  3  year  period  on 
in?tallation  o(  cable?  and  accc??oric?  shows  that  their 
functional  parameter?  arc  welt  fitted  to  the  specific 
aspect?  of  a  distribution  network. 

A  large  experience  on  network  engineering  and 
optimization  of  an  optical  distribution  network  ha? 
also  been  obtained. 

The  Implementation  schedule  i?  also  perfectly  in  line 
with  the  preliminary  evaluations.  It  1?  the  consequence 
of  severai  point?  that  have  been  correctly  controlled  : 

•  Optimization  of  production  flaws. 

-  Engineering  of  the  network. 

-  Training  of  people  for  installation. 
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AUSERACI 

Telephone  companies  are  carefully  evaluating  several 
techniques  for  installing  optical  fiber  into  the  last  mile. 
Most  filler  to  the  home  systems  have  failed  to  provide 
sufficient  cost  rcductiors  to  justify  their  use,  but  a 
fibcr-to-thc-curb  system  based  on  a  bus  architecture 
which  is  economically  feasible  is  now  being 
demonstrated.  Tills  system  is  cost-effective  because  it 
allows  for  significant  resource  sharing,  which  divides 
the  cost  of  electronic  components  and  fiber  among 
numerous  subscribers.  This  fibcr-to-thc-curb  system  is 
being  demonstrated  in  Lynnfield.  Massachusetts.  This 
system  provides  a  transparent  link  with  existing 
telephone  company  equipment  and  a  convenient  and 
flexible  pathway  to  future  telephone  and  video  systems. 


SUAREHRESQURCES  IN  A, PUS  ARCHITECTURE 

Bringing  fiber  to  the  subscriber  is  the  current  challenge 
facing  telephone  companies.  Some  early  fiber-to-the- 
home  systems  have  replaced  dedicated  copper  wires  from 
the  central  office  to  the  home  with  dedicated  optical 
fibers.  Raynet  Corporation,  a  subsidiary  of  Raychem 
Corporation,  is  now  demonstrating  a  fiber-to-ihe-curb 
system  based  on  a  bus  architecture.  This  system 
answers  the  need  for  economy  by  dividing  the  east  of  the 
electronics  and  fiber  among  several  subscribers.1  It  alro 
provides  flexibility  by  minimt/,ing  the  need  for  splices 
and  by  incorporating  the  ability  to  support  enhanced 
services  in  the  future. 

The  extensive  sharing  of  resources  while  maintaining  the 
compatibility  with  existing  telephone  company 
equipment  arc  the  keys  to  cost  reduction.1  Both  fiber  and 
electronics  costs  are  minimized  due  to  the  bus 
architecture.  Instead  of  dedicating  one  or  two  optica) 
fibers  per  subscriber  this  system  utilizes  two  optical 
fibers  from  a  central  office  or  remote  location  which  can 
then  be  shared  by  up  to  192  subscribers.  The  office 
interface  unit  (OIU)  is  the  primary  interface  between  the 
telephone  company  equipment  and  the  fiber-to-ihe-curb 
system.  The  OIU  provides  telephone  service  for  up  to 
192  subscribers.  The  subscriber  interface  unit  (SIU)  is 
shared  by  up  to  8  subscribers.  The  SIU  functions  as  an 


intelligent,  field-deployed  electro-optics  terminal.  The 
subscriber's  copper  drops  terminate  directly  to  the  SIU. 
Utilising  the  existing  copper  drop  cables  provides  a 
significant  cost  savings  In  comparison  to  the  installation 
of  a  fiber  drop  cable  at  the  subscriber's  residence. 

This  fibcr-to-thc-curb  system  interfaces  transparently 
with  the  telephone  companies  existing  equipment  and 
operational  support  systems.  It  also  meets  the  telephone 
company's  needs  for  detailed  maintenance  and  trouble 
shooting  capability  by  identifying  and  sending  alarms  to 
indicate  both  service-affecting  and  potentially  service- 
affecting  conditions  and  by  accurately  pinpointing  the 
location  of  the  trouble. 

DEMONSTRATION  SITE 

The  first  demonstration  of  this  fibcr-to-thc-curb  system 
is  being  conducted  at  a  Mew  England  Telephone  Company 
location  in  Lynnfield,  Massachusetts  with  system  turn¬ 
up  scheduled  for  the  fall  of  1989.  The  Lynnfield  site  Is 
a  mature  subdivision  of  approximately  100  homes  in 
which  rehabilitation  construction  is  being  used  to 
replace  the  existing  underground  copper  system  wdth  an 
underground  fiber-to-ihe-curb  system  whleh  provides 
POTS  (plain  old  telephone  service). 

The  system  is  being  installed  as  this  paper  is  being 
written.  Major  portions  of  the  installation  arc  already 
complete.  The  Controlled  Environmental  Vault  (CEV), 
(which  is  utilised  to  house  the  office  interface  units), 
the  fiber  optic  cables,  the  power  cable  and  the  handholes 
Tor  the  subscriber  interface  units  have  all  been 
installed.  All  of  the  fiber  cables  have  been  spliced  and 
fiber  pigtails  have  been  spliced  to  the  end  of  each  four- 
Kilometer  fiber  bus  in  order  to  facilitate  test  access. 

The  fiber  pigtails  have  been  stored  in  standard  splice 
closures.  Two  four-Kilometer  fiber  buses,  two  office 
interface  units  and  37  subscriber  interface  units  will  be 
utilized  for  the  trial. 


SYSTEM  DESCRIPTION 

This  fiber  optic  voice  and  data  telecommunications 
system  was  designed  for  use  in  the  local  loop 
environment.  The  fiber-to-ihe-curb  system  is  composed 
of  an  operational  support  system  (OSS)  called  the  Remote 
Intelligent  Distribution  Element  Support  (RIDES)?  a 
System  Administration  Module  (SAM),  an  Office 
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Interface  Unit  (0!U),  a  fiber  optic  butt  of  a  length  up  to 
four  Kilometer*  and  up  to  24  lubieriber  interface  unit* 
(SIU).  The  *y*tcm  also  utilir.es  a  remote  power 
subsystem  to  supply  power  to  all  of  the  subscriber 
Interface  unit*.  The  fiber-to-thc-curb  system  is 
illustrated  in  Figure  I. 


The  RIDES  system  and  SAM  computers  establish  a  user 
interface  that  efficiently  administer*  and  controls  the 
fiber-to-thc-curb  systems  located  throughout  a 
telephone  company  operating  area.  (Sec  Figure  2.)  The 
RIDES  system  consists  of  a  minicomputer  and  resident 
software  that  provides  an  interface  to  existing  telephone 
company  operational  support  systems.  Its  primary 
functions  arc  provisioning,  alarms,  maintenance  and  test 
and  administration  of  one  or  more  fiber-to-thc-curb 
systems.  The  fiber-to-thc-curb  OSS  is  typically  located 
in  a  centralized  telephone  company  computer  center  such 
as  the  minicomputer  maintenance  and  operations  center 
(MMOC).  One  RIDES  system  can  support  up  to  200  SAMs. 


Figure  2 


The  SAM  consist*  of  a  microcomputer  and  software 
capable  of  administering  up  to  96  OIU*.  It  is  usually 
located  In  the  telephone  company's  central  office  and  its 
major  functions  arc  for  provisioning,  testing,  alarm 
surveillance  and  the  collection  of  historical  data  for  the 
fiher-to-thc-curb  system. 

The  OIU  (Sec  Figure  3)  intelligently  connects  cither  the 
central  office  switch,  central  office  terminals  or  channel 
bank*  with  the  fiber-to-thc-curb  system.  The  OIU  can 
reside  in  a  central  office  or  in  a  controlled 
environmental  vault.  The  OIU  controls  the  fiow  of 
customer  traffic  and  configures  and  monitors  each 
subscriber  interface  unit.  It  can  control  up  to  24  SlUs 
and  download  new  software  release*  to  them  when 
necessary.  The  OIU  accepts  up  to  eight  primary  and  two 
protection  DS-t  lines  from  the  central  office  to  support  a 
maximum  of  192  subscriber  line*  (equivalent  to  two  SLC- 
96  systems  or  eight  D4  digroup*}.  Software  in  the  OIU  is 
utilized  to  establish  the  initial  provisioning  of  the 
system,  to  add  subscribers  r  to  perform  time  slot 
interchange  function*. 

OFFICE  INTERFACE  UNfT 


Figure  3 

The  fiber  optic  bus  carries  optical  signals  between  the 
OIU  and  the  SlUs  on  two  multimode  fibers.  The  initial 
trial  locations  will  utilize  multimode  fiber.  However, 
the  technology  is  changing  and  future  fiber-to-thc-cmb 
systems  will  utilize  singlemode  fiber.  Signals  on  the 
fiber  optic  bus  are  sent  in  packets  of  information.  Each 
packet  is  coded  to  ensure  that  only  the  correct  cross 
connection  can  be  made.  Maximum  utilization  of  the 
optical  fiber  is  achieved  through  a  time  slot  interchange 
function  which  eliminates  the  need  for  dedicated  lines; 
instead,  software  enables  any  DS-0  channel  from  any  DS- 
I  line  to  serve  any  subscriber  line  on  any  connected 
subscriber  interface  unit.  This  lime  slot  interchange 
function  allows  for  the  grooming  of  circuits.  Telephone 
company  personnel  can  change  the  assigned  time  slots  by 
entering  commands  (via  common  OSS  screens)  from  a 
RIDES  terminal. 
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The  but  architecture  It  composed  of  two  unidirectional 
buses;  a  read  bus  and  a  write  but.  The  read  bus 
transports  data  from  the  optical  transmitter  in  the  Otti 
to  the  various  SIU*.  Data  is  transmitted  to  each  SIU  in  a 
synchronous  format  or.  the  read  bus  and  each  SIU 
eatracts  its  subscriber  data  and  commands.  The  write 
but  carries  data  in  an  asynchronous  format  from  the  SlUs 
to  the  optical  receiver  in  the  OIU.  The  data  is 
interpreted  by  the  OIU.  mapped  to  the  appropriate  DS-I 
lines  and  then  transmitted  on  to  the  central  office. 

The  fiber  optic  cable  used  at  the  Lynnflcld  site  is  a 
slotted  core  cable  design  with  a  maximum  fiber  count  of 
16.  One  16  ?r1  two  8-ftbcr  cables  were  installed  at  the 
field  trial  location.  This  cable  design  was  originally 
selected  due  to  the  relative  ease  of  removing  the  fibers  in 
a  mid-span  aceess  procedure.  Kaynet  has  subsequently 
developed  mid.span  access  procedures  for  alternate 
cable  designs  so  that  future  fiber-to-tbe-eurb  systems 
will  be  capable  of  utilizing  any  cable  design. 

The  SIU  intelligently  interfaces  between  the  OIU  and  the 
subscriber  (See  Figure  4).  It  Is  designed  to  be  buried 
near  the  customer  premises  and  its  primary  purpose  Is 
to  provide  narrowband  communication  services  to 
customers  served  by  the  fibcr-to-lhe-cutb  system. 


The  remote  power  subsystem  consists  of  a  rectifier, 
backup  batteries,  power  cables,  power  pigtails  and  an 
alarm  link  lo  the  nearest  subscriber  interface  unit. 
Alarm  conditions  occurring  at  the  remote  power  supply 
are  monitored  by  the  designated  subscriber  interface 
unit  and  repotted  to  the  office  Interface  unit,  the  system 
administration  module,  and  the  operational  support 
r^stent.  The  remote  power  subsystem  supplies  -4$  volt 
us  power  to  the  SlUs  which  then  power  the  Individual 
telephones.  A  power  cable  from  the  remote  power 
subsystem  Is  placed  in  the  trench  along  with  the  fiber 
optic  cable.  The  power  pigtails  which  arc  used  to  tap  the 
main  power  bus  ate  connected  to  the  individual  SlUs. 


FinKR-OITlC  CABLE  MID.SPAN  ACCESS  PROCEDURE 

In  order  to  Install  the  SlUs  fer  the  fibcr-to.thc-cutb 
system,  the  fitter  must  be  removed  in  a  mid.span  access 
procedure.  Typical  mid-span  access  procedures  require 
cutting  and  splicing  fibers  at  each  access  point.  The 
non-invasive  couplers  in  the  fiber-to-the-cutb  system 
do  not  require  that  the  fibers  be  spliced.  The  fibers  arc 
simply  removed  from  the  cable  and  then  placed  Into  the 
read  and  write  couplers.  This  technique  is  Illustrated  In 
Figures  S  through  10  and  described  below. 
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Each  SIU  can  provide  telephone  service  for  up  to  eight 
subscribers.  The  SlUs  are  equipped  with  non-invasive 
couplers  which  permit  light  to  be  launched  into  or 
extracted  from  a  fiber  without  splicing.  The  non- 
invasive  couplers  can  be  installed  quickly  and 
inexpensively.  Because  they  require  no  splicing, 
additional  subscribers  can  be  added  to  the  system 
without  causing  service  interruptions.  Two  types  of 
optical  couplers  are  being  utilized;  one  to  serve  the  read 
bi«  and  another  to  serve  the  write  bus. 


To  achieve  mid-span  aceess  of  the  fibers,  the  craftperson 
first  grasps  the  pre-installed  loop  of  optical  cable  at  the 
SIU  and  uses  a  ring  cutter  to  remove  the  outer  Jacket  and 
score  the  amior.  The  outer  Jacket  and  the  armor  arc  then 
removed  and  the  ctaftperson  then  gains  access  to  the 
aramfd  ripcord  (Sec  Figure  5).  After  cutting  one  end  of 
the  now-visible  aramid  ripcord,  the  ripcord  is  pulled  to 
expose  the  inner  jacket  (See  Figure  6).  The  inner  jacket 
is  ring  cut  and  removed  with  the  polyester  ripcord  (Sec 
Figure  7).  A  layer  of  plastic  tape  and  the  binder  thread 
are  removed.  All  of  the  fibers  are  removed  from  the 
slotted  core  of  the  cable  and  then  the  slotted  core  Is  cat 
with  side  cutters  (See  Figures  8  and  9).  The  craftperson 
then  installs  the  exposed  fibers  into  an  optic'l  organizer 
tray  in  the  subscriber  Interface  unit  (See  Figure  10). 

The  fibers  are  routed  around  the  tray  in  a  similar 
fashion  to  routing  fiber  in  a  splice  tray.  The  cut  edges 
of  the  cable  are  then  water  blocked  with  an  optical  cable 
seal  and  the  entire  optical  cable  seal  is  heat  shrunk  to 
the  cable  port  on  the  SIU.  The  fibers  arc  identified  by 
colored  bands.  The  craftperson  selects  the  fiber  with  the 
correct  color  and  places  It  into  the  coupler  in  the  fiber 
organizer  tray.  The  fiber  is  placed  into  the  groove  in  the 
coupler  end  then  the  coupler  slide  mechanism  is  closed. 

FUTURE  ENHANCEMENTS 

Future  fiber-to-the-curb  systems  will  utilize 
singlemode  fiber  and  will  include  an  environmentally 
hardened  office  interface  unit  capable  of  being  installed 
directly  in  the  field.  The  demonstration  system  at 
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Accessing  the  ripcord 


Lynnficld  is  an  underground  installation  with 
subscriber  interface  units  installed  in  handholes,  but  in 
future  systems  there  Mill  be  SlUs  suitable  for 
underground,  pedestal  or  aerial  applications.  Future 
OIUs  will  be  capable  of  providing  service  for  up  to  3*4 
subscribers  and  SlUs  which  support  special  services  and 
larger  numbers  of  lines  will  also  be  available. 

Subsequent  fiber-to-the-curb  system  installations  will 
also  include  video  capability.  By  dividing  the  cost  of 
video  clcctronies  among  many  subscribers,  such  systems 
also  provide  economic  advantages  over  typical  dedicated 
fiber  star  networks.'1 

cosomsioa 

The  fiber-to-the-curb  system  being  demonstrated  at  the 
New  England  Telephone  Company  location  in  Lynnficld, 
Massachusetts  provides  the  key  to  the  successful  use  of 
fiber  in  the  last  mile.  This  system,  with  Its  bus 
architecture,  eliminates  the  need  for  dedicated  fiber 
from  the  central  office  or  remote  terminal  to  each 
subscriber.  The  headend  electronics  can  altcady  be 
shared  among  192  subscribers  (with  a  future  capability 
for  3*4  subscribers)  and  the  clcetronlcs  at  the 
subscriber's  end  of  the  loop  can  be  shared  by  *  users 
with  greater  sharing  possible  in  future  products. 
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Rcmovel  of  inner  Jacket 


Figure  7 


Removal  of  optical  fibers 


Figure  8 


Removal  of  slotted  core 
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Optical  Organizer 


Figure  10 
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ABSTMCX 

The  development  of  an  experimental 
shared  fibre  passive  optical  system  for 
subscriber  loop  applications  is 
described.  The  paper  considers  the 
economic  benefits  of  shared  fibre 
architectures  and  discusses  proposals 
for  the  further  development  of  the 
experimental  system  to  the  field  trial 
stage.  The  upgradeabillty  of  the  system 
to  carry  future  broadband  services  is 
also  discussed. 


1 .  Background 


Single  node  optical  fibre  systems  have  been 
Installed  extensively  by  Telecom  Australia  In 
the  Inter-exchange  and  long  distance  networks 
throughout  Australia  with  in  excess  of  some 
200,000  fibre  kilometres  now  Installed.  To 
date  there  has  been  only  limited  application  of 
optical  fibre  In  the  Customer  Access  Network 
(CAN)  l.e.  the  subscriber  loop.  Optical  fibre 
systems  have  been  used  to  serve  large  business 
customers  with  dedicated  optical  fibre  cables 
Unking  the  customer  to  the  local  exchange 
(central  office).  In  addition,  120  line, 
remote  customer  multiplexers  (RCMs)  are  being 
deployed  In  the  CAN  using  optical  fibre  links 
to  the  local  exchange. 

Over  the  last  two  years,  Telecom  Australia  has 
been  conducting  a  trial  In  both  Melbourne  and 
Sydney  of  single  mode  fibre  to  the  home.  One 
of  the  main  reasons  for  this  trial  was  to 
uncover  problems  that  may  be  encountered  In  the 
Installation  of  fibre  In  an  external  plant 
environment  that  was  designed  for  copper  pair 
cable,  and  also  discover  any  operational  and 
maintenance  difficulties  associated  with 
co-existent  copper  cable  and  fibre  networks. 


The  trial  afforded  the  opportunity  to  test  a 
number  of  splice  enclosures  and  splicing 
techniques.  Approximately  ninety  customers 
were  connected  In  each  city,  with  two  fibres 
being  used  to  provide  each  customer  Initially 
with  a  Plain  Old  Telephone  Service  (POTS).  A 
small  number  of  customers  were  then  provided 
with  five  channels  of  distributive  video.  AM 
video  transmission  was  used  for  compatibility 
with  domestic  TV  sets.  The  AM  video  was 
transmitted  over  one  fibre  and  the  POTS 
equipment  was  modified  using  single  mode 
btcontcal  tapered  couplers  to  operate  over  the 
second  fibre.  Passive  splitting  enables  the 
output  of  the  laser  transmitter  In  th\  exchange 
video  equipment  to  feed  up  to  eight  customers, 
thereby  sharing  the  cost  of  this  equipment. 

Against  this  background  of  relatively  limited 
use  of  fibre  In  the  CAN  due  to  economic 
considerations,  Telecom  Australia  Research 
Laboratories  conceived  the  Idea  of  a  HACNET 
system  (Multiple  Access  Customer  NETwork)  which 
exploits  a  passive  shared  fibre  network 
architecture  for  the  provision  of  a  mix  of 
telecommunications  services.  Cl, 2).  An 
experimental  HACNET  system,  developed  under  a 
contract  placed  with  Australian  Industry  was 
completed  In  October,  1988.  This  passive 
optical  network  development  has  paralleled 
similar  developments  reported  by  British 
Telecom  Research  Laboratories  on  their  TPON 
system  (3,4],  although  the  two  developments 
were  Independent. 

2^ _ taiwock_Acchltec.tutt 

There  are  a  number  of  network  architectures, 
based  on  the  use  of  optical  fibre,  that  are 
potentially  applicable  to  customer  access 
networks  In  the  next  five  year  timeframe.  The 
choice  of  the  "optimum"  network  erchltecture(s) 
and  associated  transmission  techntque(s)  Is  the 
subject  of  active  Investigation  and  field 
trials  around  the  world.  The  different  optical 
fibre  network  architectures  can  be  broadly 
classified  as: 


(I)  an  active  network  which  Involves  the  use 
of  outposted  electronic  equipment  at  a 
remote  distribution  point,  such  as 
multiplexing  and/or  switching  equipment 
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(It)  *  passive  network  (such  as  the  HACNET 

system),  which  Involves  the  use  of 

optical  combiners  and  splitters  at  the 
distribution  point 

(III)  a  full  star  network,  which  Involves 
dedicated  (or  direct)  optical  fibre  links 
between  the  exchange  and  the  customer 

(Iv)  a  physical  loop  network,  which  Involves 

an  optical  fibre  cable  passing  a  number 
of  customers,  connected  to  Individual 
fibres  In  the  cable,  In  a  loop 

arrangement  from  the  exchange 

(v)  a  Metropolitan  area  network,  utilising 
optical  fibres,  to  support  a  particular 
metropolitan  area  network  product  such  as 
the  proposed  IEEE  802.6  standard  on 
OQOB.  (Distributed  Queue  Oual  Bus). 

The  choice  of  network  architecture  will  depend 
on  the  application;  the  first  two  network 
options  above,  for  example,  are  evolving  from 
the  use  of  optical  fibre  Initially  In  the 
feeder  cable  sector  (with  RCM  equipment)  and 
subsequently  for  optical  distribution  to  the 
customer.  Longer  term,  all  of  these  network 
architectures  may  well  be  Implemented  for 
different  applications  and  customer  sectors. 

In  Australia.  In  the  case  of  the  corporate 
business  sector,  where  larger  capacities  are 
required  and/or  security  Is  paramount, 
dedicated  optical  fibres  or  physical  loops  arc 
considered  the  best  approach.  However,  In  most 
other  applications  where  cost  minimisation  Is 
an  Important  Issue,  a  shared  passive  optical 
network  Is  an  attractive  alternative  to  active 
or  full  star  networks.  The  choice  between 
these  three  basic  alternatives  Is  not  expected 
to  become  clear  for  at  least  one  to  two  years 
and  differ  for  different  countries  with  their 
different  regulatory  and  operational 
environments. 

This  paper  discusses  In  some  detail 
developments  In  Telecom  Australia  relating  to 
shared  fibre  accesses. 

The  experimental  MACNF.T  system  Is  based  on  the 
use  of  a  single  fibre  which  links  the  local 
exchange  to  a  multiport  optical  coupler  located 
In  the  street  near  a  cluster  of  sixteen 
customers.  Separate  drop  fibres  connect  each 
customer  to  the  coupler.  Customer  Information 
Is  contained  In  channel  timeslots  using 
continuous  time  division  multiplexing 

downstream  and  sequential  burstmode 

transmission  upstream.  Service  access 
flexibility  Is  achieved  by  microprocessor 
control  of  the  number  of  time  slots  allocated 
to  each  customer. 

A  schematic  of  the  experimental  HACHET  Is  shown 
In  Fig.  1.  Bl-directlonal  access  is  achieved 


by  the  use  of  Wavelength  Division  Multiplexing 
(HOH)  Involving  two  closely  spaced  wavelengths 
In  the  1300  nm  window.  Downstream  transmission 
(toward:  the  customer)  Is  at  a  wavelength  of 
1320  nm,  while  the  upstream  transmission 
(towards  the  exchange)  Is  at  1280  nm.  The 
couplers  used  In  the  experimental  HACHET  have  a 
nominally  equal  coupling  ratio  at  1300  nm  and 
due  to  wavelength  dependence,  closely  spaced 
wavelengths  are  used  to  minimise  the  variation 
In  received  power  levels.  The  16-port  optical 
coupler  can  be  located  any  distance  up  to  9  km 
from  a  local  exchange:  with  each  customer  being 
located  within  1  km  of  the  coupler.  The  HACHET 
system  was  designed  to  address  the  problem  of 
churn  In  the  Customer  Access  Network  (CAN),  and 
Incorporates  flexible  multiplexers  which 
control  the  number  of  Independent  services 
allocated  to  a  customer-end  without  the  need  to 
change  any  portion  of  the  optical  network.  The 
primary  access  can  be  switched  to  any  customer 
along  with  up  to  three  of  the  basic  accesses; 
the  broadcast  channel  Is  available  to  all 
customers.  Although  there  are  no  broadcast 
services  carried  In  the  Australian 
telecommunications  network,  It  was  envisaged 
that  this  channel  could  carry  background  music, 
stock  reports,  weather  Information,  etc. 

The  experimental  HACNET  uses  only  one  fibre  for 
both  directions  of  transmission  as  shown  In 
Fig.  1. 

3.1  Multiplexing 

Time  Division  Multiplexing  Is  used  for  both 
directions  of  transmission  In  the  experimental 
HACHET. 

From  the  separate  customer-ends  the  upstream 
transmission  of  data  associated  with  a 
particular  service  1$  transmitted  as  a  data 
burst.  The  burst  Is  triggered  by  the  receipt 
of  downstream  data  for  that  service.  Because 
the  drop  fibres  (i.e.  the  fibres  from  the 
multiport  coupler  to  the  customer-ends)  are  of 
variable  lengths,  the  exchange  receiver  needs 
to  be  able  to  adjust  Its  clock  phase  to  cater 
for  the  variable  transmission  delays  to  achieve 
error  free  reception  from  each  customer  end.  A 
header  Is  added  to  each  upstream  data  burst  to 
facilitate  this  synchronization  operation. 

In  the  downstream  direction,  a  header  Is  also 
added  which  contains  destination  Information  - 
customer-end  and  port  number.  A  portion  of  the 
broadcast  data  Is  Inserted  between  each 
downstream  data  burst  to  separate  the  transmit 
times  of  the  upstream  data  bursts,  and  thereby 
avoid  collisions  between  upstream  data  bursts 
In  the  sixteen  port  passive  optical  coupler 
(see  Fig.  2).  The  bit  rate  of  the  continuous 
downstream  signal  and  the  upstream  signal 
bursts  from  each  customer  is  8192  kblt/s. 
Synchronization  of  the  HACNET  equipment  Is 
obtained  from  an  exchange  2048  kblt/s  clock. 
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3.2  Security 

As  the  downstream  data  is  available  at  all 
customer  ends,  precautions  need  to  be  taken  to 
ensure  adequate  service  security  to  each 
customer.  In  the  experimental  HACNET  the 
directivity  of  the  couplers  guarantees  security 
of  the  upstream  data  bursts.  To  ensure 
downstream  security,  an  encryption  key, 
generated  by  a  random  process  In  each 
customer-end  Is  added  to  the  header  of  each 
upstream  data  burst.  At  the  exchange  end  this 
key  is  used  to  encrypt  the  subsequent 
downstream  data  signal. 

3.3  Laboratory  upgrade  for  broadcast  video 

To  demonstrate  the  possible  provision  of  a 
distributive  video  service  as  well  as  the 
provision  of  primary  and  basic  access  services, 
an  eight  channel  frequency  modulated  <FH), 
super-trunk  Sub-Carrier  Multiplexed  (SCM)  video 
system  was  overlayed  on  the  experimental  HACNET 
as  shown  In  Fig.  3.  Because  the  optical 
couplers  used  In  the  experimental  HACNET  are 
wavelength  dependent,  the  distributive  video 
service  had  to  be  added  at  a  wavelength  close 
to  1300  nm  -  the  wavelength  at  which  all  th? 
couplers  have  a  nominal  equal  split.  As  a 
consequence,  the  distributive  video  service  was 
added  by  filtering  the  electrical  drive  signal 
to  the  exchange-end  laser  diode  associated  with 
the  digital  services  so  that  the  detected 
optical  signal  at  a  customer-end  was  free  of 
harmonics  above  100  HHz.  The  video  signal  was 
then  restricted  to  the  electrical  band  above 
100  HHz.  In  this  way  eight  channels  of  vide* 
were  overlayed  on  the  experimental  HACNET. 

i._£r.ot>Q5  edJSyjslwLOey.eJopmeat 

Following  a  review  of  the  technical  viability 
and  network  application  of  the  experimental 
HACNET  system,  Telecom  Australia  is  currently 
considering  the  possibility  of  a 
significant-size  field  trial  of  a  HACNET  system 
of  the  configuration  shown  In  Fig.  7.  The 
system  is  based  on  the  passive  optical  network 
supporting  digital  signals,  at  multiples  of  2 
Hblt/s,  transmitted  between  the  exchange  and  a 
maximum  of  16  separate  optical  line 
transmission  equipment  (OLTE)  terminals.  The 
basic  bit  rate  of  2  Mbit/s,  based  on  CCITT  Rec. 
G.703  Interfaces,  Is  chosen  to  avoid  the  HACNET 
system  being  service  specific. 

The  two  major  applications  identified  for 
HACNET  are  catered  for  by: 

-  an  outdoor  OLTE  terminal,  with  a  4x2  Hblt/s 
capacity;  and 

-  an  Indoor  OLTE  terminal,  with  a  2x2  Hblt/s 
capacity. 

Field  trial  experience  may  dictate  other  OLTE 
terminal  options,  although  it  is  planned  at 
this  stage  to  have  the  option  of 


partially-equipping  OLTE  terminals.  The  HACNET 
system  Is  planned  to  incorporate  i  number  of 
network  maintenance  and  operations  facilities, 
as  well  as  the  ability  to  interface  control  ot 
these  facilities  to  a  network  management  sy$>*m. 

The  passive  optical  network  is  based  on 
separate  fibres  for  each  direction  of 
transmission  and  1300  nm  operation.  The  use  or 
separate  fibres  for  each  transmission  direction 
Is  different  to  the  experimental  HACNET, 
described  in  Section  3.  The  choice  of  separate 
fibres  Is  to  ease  constraints  on  system  design, 
although  In  the  longer  term  the  choice  between 
the  daal  or  single  fibre  options  is  unclear. 
The  HACNET  system  design  calls  for  up  to  20  km 
maximum  transmission  distance.  The  maximum 
differential  distance  between  the  exchange  and 
any  terminal  Is  at  least  1  km,  although 
Increasing  this  figure  Is  being  considered  for 
rural  applications.  Also,  while  Fig.  7 
Indicates  1x16  optical  couplers  located  at  one 
site,  In  practice,  the  optical  couplers  may  be 
deployed  at  more  than  one  location,  eg  two 
stages  of  1x4  optical  couplers. 

5J^_Economlc_Studljes 

In  determining  the  potential  economic 
application  of  a  HACNET  system,  of  the 
configuration  proposed  In  Section  4,  Its  use 
has  been  compared  with  alternative  transmission 
methods  available,  in  a  least  cost  study  for 
the  two  major  applications  Identified.  These 
cost  studies  relate  to  the  proposed  field  trial 
equipment  and  not  the  experimental  HACNET. 

(a)  use  with  field  mounted  RCH  equipment  for 
circuit  growth. 

(b>  use  In  customer  sites  to  provide  2  Hblt/s 
access  (e.g.  PABX  access). 

The  transmission  alternatives  t  A  are: 

(I)  using  existing  copper  p».  *.«.ule  and  2 

Hblt/s  line  systems  (denote.  as  "Free  Cu” 
In  Figures) 

<ll)  using  new  copper  pair  cable  and  2  Hblt/s 
line  systems  (denoted  as  "New  Cu"  In 
Figures) 

(III)  using  direct  optical  fibre  provision  and 
8  Hbit/s  OLTE's  (denoted  as  "Direct  0/F" 
In  Figures) 

(Iv)  using  a  HACNET  system  (denoted  as 
"HACNET"  in  Figures) 

Cost  relativity  graphs  for  the  various 
transmission  alternatives  are  shown  in  Fig.  4 
(Duct  Costs  Included)  and  in  Fig.  5  (No  Duct 
Costs),  In  the  case  of  2  Hbit/s  access  to 
customer  sites.  Fig.  6  demonstrates  the 
component  breakdown  of  relative  cost  at  fixed 
distance  of  3.5  kilometres  from  the  exchange. 
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Th«  major  areas  Identified  for  HACNET 
application  art: 

-  In  urban  residential  and  business  areas, 
with  moderate  to  high  circuit  growth 
requiring  circuit  relief  or  In  new  areas. 
HACNET  Is  economic  with  RCM  equipment  for 
distances  In  excess  of  1-4  km,  depending  on 
the  growth  rate  and  the  comparative  duct 
work  required  for  Cu  pair  alternatives. 

-  In  urban  areas  to  provide  digital  access 
(based  on  2  Mbit/s)  to  larger  business 
customers  or  resldenttsl/buslness  sites 
with  a  high  number  of  services,  such  as  a 
multi-tenant  building.  HACNET  Is  economic, 
where  existing  copper  pairs  are  not 
available  for  2  Mbit/s  access,  for 
distances  In  excess  of  1-3  km  depending  on 
the  duct  space  available. 

fiu _ CvoIutlofuoCa^assJj.e_C>p.ticalJle.twock 


In  considering  the  use  of  a  passive  ,-ptlcal 
network  It  was  seen  as  Important  to  add  ess  the 
longer  term  options  for  evolving  such  *  network 
to  support  broadband  services  or  changing 
customer  requirements.  A  key  attribute  cf  the 
proposed  system  Is  the  use  of  CCITT  Rec.  G. 
703,  2  Mblt/s  Interfaces  for  maximum  service 
flexibility. 

Passive  optical  networks  are  suited,  compared 
with  other  optical  network  architectures,  for 
low-cost  provision  of  distributive  video 
services  such  as  Pay  TV  and  Interactive  video. 
The  proposed  system  development  under 
consideration  Is  designed  to  facilitate  the 
provision  of  such  services  In  the  future,  by 

■  Including  i  1550  nm  wavelength  optical 
blocking  filter  at  the  customer  end  In  the 
equipment,  to  ensure  future  services  can 
use  the  1550  nm  wavelength  region  In  a 
network  overlay  arrangement  without 
affecting  existing  services  at  1300  nm 

-  Including  a  64  kblt/s  channel  to  support 
the  control  and  signalling  of  distributive 
video  services,  e.g.  video  channel 
selection,  charging  and  access  control. 

As  well,  the  proposed  optical  network  design  Is 
based  around  a  16-way  optical  split  and  the  use 
of  wavelength-flattened  optical  couplers.  This 
enables  the  entire  wavelength  range  from  about 
1250  to  1550  nm  to  be  used  In  the  future. 
Services  which  could  be  simultaneously 
supported  on  such  a  network  Include 

-  Distributive  video  services,  Including  HDTV 

-  Interactive  and  switched  business  video 
services 

-  Broadband  ISDN 

using  analogue  or  digital  transmission 


techniques  as  appropriate,  with  a  mix  of 
sub-carrter  multiplexing  and  wavelength 
division  multiplexing  technology.  In  the  very 
long  term  (post  2000),  a  passive  optical 
network  might  provide  the  foundation  for  an 
all-optical  (photonic)  network. 

It  Is  also  possible  wlti.  *  passive  network,  by 
utilising  a  separate  fibre  pair  In  the  main 
cable,  to  provide  at  a  later  stage  a  dedicated 
fibre  link  to  a  particular  customer.  Such  an 
example,  could  be  a  business  Initially  served 
by  a  passive  shared  fibre  optical  network, 
whose  service  requirements  change,  favouring 
the  migration  to  a  dedicated  link.  Such  a 
change  does  not  require  any  rc-worklng  of  the 
distribution  plant,  other  than  bypassing  the 
optical  couplers  and  direct  connection  to  a 
feeder  cable  fibre  pair. 

L _ Conclusion 

This  paper  has  described  the  development  of  an 
experimental  passive  optical  network  for 
subscriber  loop  applications.  The  cost 
effectiveness  of  such  a  system  has  been 
demonstrated  against  transmission 

alternatives.  The  possible  development  of  an 
enhanced  version  of  a  passive  optical  system  to 
a  full  scale  field  trial  has  been 
foreshadowed.  The  ability  of  such  a  system  to 
simultaneously  support  future  services  such  as 
Broadband  ISDN  has  also  been  shown. 
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Fig.  2  Frame  Structure  -  The  Experimental  RACKET 
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Fig.  4  Present  Value  Cost  of  Transmission 

for  2  Rblt/s  Access  (Duct  Costs  Included) 


Fig.  5  Present  Value  Cost  of  Transmission 
for  2  Mbit/s  Access (Ho  Duct  Costs) 


Fig.  3  Distributive  Video  -  Experimental  RACKET 
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Fig.  6  Component  Breakdown  of  Cost  per  2  Hblt/s 
Access  (3.5  ka,  No  Duct  and  Pipe  Costs) 


Fig.  7  Proposed  Configuration  for  Passive 
Optical  Network  Systen 
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FIBER-TO-TIIE-HOME  UPDATE:  DROP  INSTALLATION 
FLEXIBILITY 
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AT&T  Bell  Laboratories  AT&T  Bell  Laboratories 
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abstract 

In  1918,  ATAT  «a  among  the  first  system  supplier!  10  introduce  a 
single-mode  fibcr-k>ihc-*ub*aib<r  system  with  hi  SLC*  Series  S 
Digital  Loop  Carrier  System  Fiber-to  thc-llome  feature  package,  The 
early  Installations  „scd  a  network  of  cables,  splices,  connectors  and 
clotures  to  supply  «  one  fiber  drop  cable  to  each  subscriber  in  a  star- 
type  architecture  from  a  Remote  Terminal  to  the  subscriber's  home. 
Tliis  year,  prtconncctorized  service  cables  and  lightguidc  terminals 
with  connector  ports  have  been  Introduced  that  off<  new-  options 
which  can  substantially  reduce  service  cable  installation  times.  Pre- 
term,  the  name  given  to  a  copper  disu'tbutionMrop  assembly 
manufactured  off-site,  has  also  been  demonstrated  in  a  fiber 
distribution/drop  application  with  the  initial  installation  In  Charleston, 
South  Carolina.  An  enhanced  lightguidc  pedestal  closure  has  been 
designed,  built  upon  experience  from  early  Installations.  A  self- 
supporting  arrial  drop  cable  and  a  new  lightguide  aerial  terminal  are 
also  being  developed  to  allow  the  fiber  optic  system  to  be  used  In 
new  and  rehabilitation  aerial  applications.  This  paper  describes  the 
products  and  their  design  criteria  that  support  the  new, 
prccomcctorized,  preterminatfd  plant  applications,  giving  (lie  telco  a 
high  degree  of  flexibility  in  methods  and  configurations. 


1.  Introduction 

The  year  1988  will  be  remembered  as  die  year  of  many  first  Fiber- 
UMlte-Subscriber  (FTTS)  applications  for  many  telephone  companies. 
No  longer  were  we  in  the  'trial*  stage,  but  an  architecture  was 
established  and  systems  designed  to  deliver  optical  signals  to  die 
customer's  premise.  Service  was  turned  up  over  fiber  in  upscale 
communities  across  the  country  in  places  like  Pnnecton  Cate  in  New 
Jersey;  die  Grove  of  Wveredgc  in  TN,  in  llallbrook  Farms,  a  golf 
course  community  in  KS;  and  In  Ridgecrest,  CA  in  a  new  housing 
development  near  the  China  Lake  Naval  Facility.  Much  was  learned 
during  these  first  applications,  especially  about  the  economic  issues 
dial  must  be  solved  if  the  potential  of  fiber  is  to  be  fully  realized  in 
the  distribution  plant. 

It  is  this  intense  interest  in  economics  that  has  lead  many  telcplio'« 
companies  to  experiment  with  die  very  last  component  used  in 
connecting  the  customer  with  fiber  •  die  drop  cable.  As  the  year 
19SS  will  be  remembered  for  its  large  scale  deployment  of  FITS 
systems,  1989  might  be  remembered  as  die  year  of  Drop  Cable 
Installation  Trials. 

2.  llasic  Architecture 

AT&Ts  FTTS  offering  shown  schematically  in  Figure  1  is  based  on 
the  SLC  Series  5  Digital  Loop  Carrier  system  which  has  been 
extended  from  a  feeder-only  system  to  include  loop  distribution. 
Typically,  in  the  feeder  portion  of  the  network,  a  DDM  1000 
lightwave  multiplexer  provides  high  capacity  digital  service  from  die 
central  office  to  a  remote  terminal.  This  type  of  feeder  arrangement 
is  used  today  with  conventional  copper  distribution.  The 


modifications  to  the  SLC*  Series  S  carrier  system  that  allow  alt-fiber 
distribution  begin  at  die  RT.  New  channel  units  allow  up  to  -Mines 
of  POTS  service  to  a  subscriber,  these  new  channel  units  ax 
connected  to  optica)  units  that  deliver  CS1  optical  signals  over  a 
single-mode  fiber  to  a  distant  terminal  cither  on  the  side  of  a 
subscriber's  home  (for  fibcr-aU-thc-way-io-dic-hofttc)  or  to  one  of  a 
group  of  distant  terminals  located  In  a  pedestal  as  the  subscriber's 
properly  line  (fiber-to- the -curb).  The  distant  terminal  Is  equipped 
with  an  optical  unit  and  a  channel  unit  and  can  both  receive  and 
transmit  I  j  Mbps  optical  signals  over  die  single-mode  fiber.  Optical 
splitters  at  each  end  of  die  fiber  allow  bidirectional  transmission  over 
die  fiber  at  1310  nm. 

FIGURE  1.  FIBER  TO  THE  HOME  FEATURE 

OH  SLC*  SERIES  5  CARRIER  SYSTEM 


Tlic  media  architecture  for  FTTS  is  essentially  a  double  star.  Feeder 
cablet  emanate  out  from  a  CO  to  several  RTs,  and  distribution  cables 
fan  out  from  the  RTs  Into  die  distribution  areas  they  sene. 
Typically,  high  fiber  count  backbone  cables  ire  used  to  branch  out 
from  the  RTs,  and  at  various  branching  points,  groups  of  the 
backbone  fibers  are  spliced  to  fibers  in  lower  count  lateral  cables  to 
carry  service  farther  into  the  neighborhoods.  When  service  is  carried 
over  fiber  all  the  way  to  the  subscriber's  home,  a  fiber  service  cable 
is  spliced  to  the  distribution  cable  «  die  subscriber's  property  line, 
and  a  single-mode  connector  is  used  to  join  die  service  cable  fiber  to 
die  distant  terminal  optical  card.  In  applications  where  it  is  more 
economical  to  share  the  distant  terminal  among  two  or  more 
subscribers,  the  distant  terminals  are  'clustered*  into  a  pedestal,  and 
service  to  individual  subscribers  is  completed  with  standard  twisted 
pair  cables.  Most  of  die  1988  and  1989  installations  have  been 
fibcr-all-die-way-io-die-homc.  A  small  number  of  applications 
(where  lot  sizes  are  relatively  small  and  line  demand  is  low)  are 
being  approached  with  shared  electronics  arrangements  this  year. 
The  future  probably  holds  a  fair  mix  of  both  types  of  installations. 
The  focus  of  this  paper  is,  as  was  mentioned  earlier,  on  opu'ons  that 
help  cost  reduce  fiber-tdl-die-way-lo-the-home  installations, 

3.  Curb  to  Premise  Flexibility 
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3.1  Standard  Lightguidc  Solution 

In  all  plant  type*,  the  Anal  link  must  connect  the  customer  to  ti  e 
dUuibuilnn.  table.  Over  the  past  year  or  sc,  this  has  been 
accomplished  by  splicing  the  service  cable(s)  (Le.,  drops)  into  the 
distribution  cable  and  enclosing  the  splice  with  lightguidc  splice 
closures,  most  of  which  were  originally  designed  for  trunk  and  long 
haul  applications.  The  customs  end  of  the  drop  was  terminated  with 
a  field-installed  ST*  connector  which  wa*  plugged  Into  the  Distant 
Terminal  (DT)  at  the  premise.  This  operation  required  the  services  of 
a  skilled  splicer,  considerable  capital  Investment  in  tools,  and  a 
splicing  van  or  trader.  In  many  cases,  where  horn's  were  tat 
completed,  it  required  multiple  visits  of  the  splicer. 

3.2  New  Methods 

Driving  new  methods  for  the  'last  100  feet*  •  or  the  drop  ■  were  lltc 
customers*  cone  cm  overt 

1.  The  diminishing  number  of  skilled  splicers  and  the  need  to 
have  installers  •connect'  customers. 

2.  The  need  to  Install  drop  cables  on  an  *as  needed  basis". 

3.  The  need  for  fast  restoration  times,  again  using  installer  level 
skid  and  tools. 

In  response  to  these  customers'  concerns,  new  approaches  Including 
the  introduction  of  preconncctorired  drop  cable,  easy  access 
terminals,  a  new  drop  closure  and  an  approach  similar  to  a  former 
copper  pUnt  configuration,  preterm,  are  being  developed. 

33  Preconneciorizcd  Drop  Cable  Hardware 

As  previously  described,  the  standard  FITS  drop  cable  installaiicn 
required  the  field  installation  of  a  ST  connector  to  connect  the  drop 
cable  so  the  DT.  It  was  a  relatively  small  step  to  consider 
conneetorizing  both  ends  of  the  drop  in  a  controlled  manufacturing 
environment.  The  manufacturing  site  could  be  a  factory,  a  service 
center,  or  even  a  work  center  location,  provided  the  ability  to 
accurately  lest  the  product  is  available. 

33.1  Design  Criteria 

There  arc  installation  circumstances  that  might  require  one  end  of  a 
preconneetorfeed  drop  cable  to  be  stored,  either  directly  buried  or  in  a 
hand  hole,  foe  periods  up  to  two  yc*  before  being  put  into  use, 
Tims,  it  is  not  only  necessary  to  propen,  install  the  ST  connectors  on 
the  drop  cable  end,  but  also  to  package  the  connectorized  end 
assembly  for  storage  In  an  adverse  environment.  In  other  words,  a 
temporary  closure  that  can  withstand  the  rigors  of  direct  burial  or 
Immersion  in  a  handhole  for  prolonged  periods  of  lime  is  required. 
The  design  criteria  for  such  a  temporary  closure  follow.  The  design 
must 

•  Accommodate  either  dielectric  or  metallic  service  cables 

•  Accommodate  one  or  two  fibers  per  service  cable 

•  Withstand  a  10-foot  external  watei  head 

.  Withstand  a  10-foot  water  head  through  a  sheath  fault 

•  Have  a  tensile  pullout  of  SO  lbs. 

•  Allow  a  compression  load  of  200  lbs. 

•  Withstand  att  impact  load  of  120  inch-lbs. 

•  Resist  chemicals  typically  found  in  soils 

•  Be  available  in  single  and  double  ended  lengths  of  100  ft.  to  300 
fL 

•  Allow  adequate  buffered  fiber  length  to  mate  with  all  termination 
devices  at  either  premise  or  curb. 

•  Be  flexible  enough  to  store  in  meter  boxes  with  less  than  12  inch 
dianrter 


•  Require  no  special  tools  or  skills  to  install  In  ficlJ 

•  Achieve  insertion  loss  S  0.7  dB 

•  Achieve  return  toss  S  -35  dB 

333  Resulting  Design 

The  most  difficult  design  problem  to  solve  Is  water  entry  due  to  a 
sheath  fault.  Much  attention  has  recently  been  placed  on  distribution 
cable  design,  and  tremendous  progress  has  been  made  in  water* 
blocking.  This  same  kind  of  effort  is  now  taking  place  with  drop 
cable  designs,  but  currently  available  water  blocking  techniques  are 
not  100%  perfect.  For  closure  design  work,  a  sheath  fault  Is  defined 
at  a  2-lnch  length  of  ail  cable  members,  except  core  tube,  which  is 
removed  six  inches  from  the  closure.  A  10-foot  water  head  is 
injected  into  the  fault.  The  closure  design  must  not  allow  water  to 
enter  the  splice  space,  or  in  this  situation,  the  space  where  the  ST 
connectors  are  stor'd. 

Ttte  design  problem  for  dielectric  drop  cable  hardware  war  solved  by 
placing  water-blocking  tape  over  the  sheath  and  core  tube  and 
holding  k  in  place  with  shrink  tubing.  The  water-blocking  tape  is  the 
same  material  that  is  used  to  water-block  lightguidc  cable.  The  tape 
contains  a  polymer  which  swells  when  It  contacts  water  and  thus 
blocks  the  water  path.  Laboratory  test  cable  samples,  blocked  by  this 
technique  have  been  able  to  withstand  25-ft.  water  heads  over 
extended  periods  of  lime. 

Solving  the  water-blocking  problem  for  the  metallic  drop  cable  was 
not  as  straightforward  because  a  >14  gauge  conductor  attached  to  the 
drop  cable  shield  muu  pats  through  the  water-block.  As  shown  In 
Figure  2,  water-blocking  tape  was  used  oxer  the  sheath  in  the  same 
manner  as  used  in  the  dielectric  design.  To  accommodate  the 
irregular  shapes  of  the  electrical  connection,  a  cured  urethane 
elastomer  material  was  used  to  fill  die  Interstice*  between  the  core 
tube  and  the  >14  gauge  conductor.  Heat  shrink  tubing  was  used  to 
contain  both  water  blocking  materials.  This  design  also  passed  lire 
extended  23  ft.  water  head  test. 


FIGURE  2,  WATER  BLOCK, METALLIC  DROP  CABLE 


Figiw  3  shows  a  complete  preconncctorired  drop  cable  end  inside  its 
protective  lube  assembly.  The  protective  tube  assembly  was  ma.'c 
from  commercially  available  flexible  PVC  electrical  conduit  arxl 
solvent  glued  to  a  PVC  cap  on  one  end  and  a  PVC  adapter  on  Le 
other  end.  The  result  is  a  very  robust  structure.  A  eommcrciahy 
available  connector  forms  the  seal  to  the  drop  cable  sheath,  ptov  ides 
dw  50  ib.  tensile  pull  capability  and  attaches  to  the  tube  assembly  via 
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•  water  light  pipe  thread.  A  kngih  of  rixttle  strap  and  a  ei«r  lube 
are  used  w  support  the  buffered  fiber  and  connectors  during  shipment 
and  storage.  The  design  is  not  only  simple  in  concept,  but  It  is  also 
relatively  inexpensive  because  it  uses  Misting  materials  or  pans. 


3.4  Curbside  Apparatus 

To  fully  exploit  the  preconnectorired  drop  concept,  a  curbside  (this 
could  also  be  a  rear  lot  line)  facility  that  readily  accepts  the 
preconnectorired  drop  assembly  with  a  minimum  of  skill  and  tools  is 
required.  Two  options  appear  feasible  for  dds  facility.  The  best 
option  for  a  particular  application  depends  on  plant  type,  the  type  of 
construction  (new  or  rehab),  construction  liming,  and  the  availability 
of  craft. 

The  first  option  Includes  a  drop  closure  or  terminals  that  are 
specifically  designed  to  accept  the  preconnectorired  drop.  Tl* 
closure  or  terminal  must  cover  a  range  of  possible  applications; 
direct  burial,  above-ground  pedcStal,  below  ground  handholes  and 
aerial  Installations.  The  drop  closure  must  not  only  accommodate  a 
number  of  customer  drops;  the  design  should  provide  a  protective 
environment  for  ei pressed  fibers,  be  very  easy  to  enter  and  close,  and 
not  require  the  use  of  cncapsulams  except  for  the  initial  installation 
of  distribution  cables. 

3.4,1  Drop  Closure 

The  2J0CLG/DC  drop  closure  shown  In  Figure  4  was  designed 
specifically  to  mate  with  the  preconnectorired  drop  cable  in  buried  or 
handhole  environments.  Four  dielectric  or  four  metallic  drops  can  l>e 
accommodated  in  the  cable  ports.  Eight  ST  connectors  can  be  stored 
in  the  organizer  tray.  Expressed  fibers,  either  ribbon  or  Individual, 
are  stored  below  in  the  distribution  tray.  Distribution  cables  with 
diameters  Up  to  0.60  inch  and  drop  cables  with  diameters  up  to  0.40 
inch  can  be  used.  Easy  access  is  achieved  with  five  stainless  steel 
overcenter  fasteners.  The  primary  seal  Is  a  gasoline  resistance  O- 
ring.  Bonding  and  sheath  retention  are  performed  upon  initial 
installation  In  a  small  compartment  which  is  encapsulated  to  prevent 
water  accumulation.  This  compartment  is  not  entered  or  disturbed  on 
subsequent  re-entry  for  drop  cable  installation,  The  drop  entry  port 
mates  with  the  preconncctorizcd  connector. 

If  the  drop  cables  are  not  preconnectorired,  the  2500 LG/DC  is 
furnished  with  kits  to  field  terminate  the  drop  and  splice  it  to  the 
distribution  fiber  with  rotary  splices  or  fusion  methods.  The 
maximum  number  of  splices  the  2500LG/DC  closure  can 
accommodate  is  eight.  The  2500LG/DC  therefore  functions  as  either 
a  terminal  or  »  splice  closure. 


FIGURE  4.  2500LG/DC  DROP  CLOSURE 


3.4.2  Buried  Terminal 

A  second  ckxureAerminal  configuration  to  accommodate 
preconnectorired  drops  employs  a  cable  stub  that  nuts  from  a  direct 
buried  disiribudon  spike  to  »  terminal  located  in  a  handhole.  T  c 
terminal  provides  a  fiber  appearance  for  each  of  several  custoroe  s. 
In  this  approach,  the  expressed  fibers  are  stored  in  a  splice  closure 
dial  need  not  be  accessed  by  the  drop  cable  Installer.  Design  criteria 
for  tlte  buried  terminal  were  established  as  follows.  The  icnninal 
should: 

>  Be  easily  entered  and  closed  with  no  special  tools. 

•  Withstand  10-foot  external  waicrhcad. 

.  Withstand  10-foot  water  head  sheath  fault 

•  Accommodate  up  to  twelve  drop  cables. 

•  Accommodate  up  to  twenty-four  ST  Connectors. 

.  Accommodate  metallic  and  dielectric  drop  cables. 


•  Easily  accept  preconnectorired  drop  eables. 


FIGURE  5.  2100LG/BT  BURIED  TERMINAL 


Figure  5  shows  the  2I00LG/BT  terminal.  Two  sires  were  actually 
designed:  the  first  handles  up  to  six  drops  and  the  second  to  handle 
up  to  twelve  drops.  A  PVC  utility  box  houses  a  panel  that  acts  at  a 
coupling  field.  The  stub  cable  and  the  drop  cable  lerminauons  are 
attached  and  sealed  to  the  terminal  housing  using  a  cable  connector 
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and  M  O-ring.  The  terminal  up  li  sealed  using  an  elastomeric 
gasket  and  B -Sealant  Electrical  bonding  of  all  metallic  member?, 
when  required,  it  achieved  with  a  common  copper  but.  The 
pfccoonccioiucd  drop  cable  it  Insulted  by  placing  an  O-ring  over  the 
connector  pipe  thread  (naming  k  through  the  appropriate  port,  and 
fattening  it  with  a  lock  nut  on  the  inside  of  the  terminal. 

3.0  Pcdciul  Terminal 

In  treat  where  buried  lightguide  cable  is  used  but  the  distribution 
splices  arc  not  buried  or  placed  in  handholes,  a  pedestal  terminal  can 
be  utilized.  Design  criteria  for  a  pedestal  terminal  were  established 
as  follow.  The  terminal  should: 

•  Protect  of  the  fibers  and  splices  from  the  environment. 

.  Accommodate  a  minimum  of  sU  metallic  or  dielectric  drop 
cibto 

•  Accommodate  up  to  twelve  ST  connectors  or  12  rotary  splices. 

•  Provide  safe  storage  of  czpreat  fibers. 

•  Easily  accept  preeormeetorized  drop  cables. 

•  Use  the  same  splice  tny(s)  that  arc  used  in  other  AT  AT 
Lightguide  Cloture  Products. 

•  Require  no  special  tools  for  installation. 

One  such  luminal,  shown  in  Figure  6,  meeting  these  criteria  is  the 
newly  designed  2300LG/PT.  The  terminal,  molded  from  nigged 
plastic,  is  housed  within  a  standard  6-inch  pedestal  enclosure.  It 
consists  of  throe  major  ports,  a  housing,  a  cover,  and  a  grommet.  NR 
shown  in  Figure  6  Is  '!<  splice  trey.  The  pedestal  terminal  can 
accommodate  either  an  ST  connector  tray,  the  12  or  24  fiber  splice 
tray  or  in  array  splice  tray  used  with  ribbon  cable.  Electrical 
bonding  of  the  distribution  and  drop  cables  is  done  external  to  the 
terminal  but  inside  the  6-inch  pedestal  enclosure  with  standard 
techniques.  The  one  piece  elastomeric  grommet  accommodates  two 
distribution  cables  and  up  to  eight  drops.  Drop  cable  ports  are  a 
'punch  out"  design  which  do  not  require  plugs  when  they  are  not 
being  used.  Unlike  grommets  in  buried  apparatus,  the  pedestal 
grommet  docs  not  hare  to  form  a  water  tight  seal.  It  must,  however, 
provide  a  barrier  to  insects.  Slits  in  the  grommet  permit  die  use  of 
preeormeetorized  drop  cables.  While  the  2300LG/PT  functions 
primarily  as  a  terminal  in  FTTS  applications,  it  can  also  be  used  for 
above  ground  cablc-to-cablc  splices  having  up  to  twenty-four  fibers. 


3.4.4  Aerial  Terminal 

The  last  ckwureAcrminal  option  to  be  described  Is  that  for  aerial 
applications.  Design  criteria  established  for  the  pedestal  terminal  ace 
also  applicable  to  an  aerial  terminal.  The  2200LG/AT  was  designed 
to  meet  these  criteria.  Hung  from  an  aerial  strand,  the  2200LG/AT 
consists  of  an  injection  molded  nigged  plastic  housing  and  cover. 
Eight  drop  cables  can  be  accommodated  by  Individual  grommets,  four 
on  each  end  of  the  terminal.  The  grommets  are  slit  to  allow  the  use 
of  prtconncctorizcd  drop  cables.  Electrical  bonding  and  grounding  to 
the  strand  is  facilitated  by  a  ground  bar  which  runs  on  the  bottom  of 
the  terminal  and  connects  to  the  support  hangers  on  either  end.  As 
was  the  case  in. the  pedestal  terminal,  the  atrial  terminal  can  be  fitted 
with  an  ST  connector  trey,  an  array  splice  tray  or  a  mechanical  splice 
tray  holding  up  to  twenty-four  splices. 

3S  Preterm  •  Preterminated  Diuribution  Facilities 

Thus  far,  we  hare  discussed  clotures  and  terminals  that  were 
designed  specifically  Jo  provide  facilities  for  the  terminating  drop 
Cable  at  the  street.  The  2500LG/DC  and  210OLG/BT  arc  used  in 
buried  oe  handhole  environments.  The  2300CG/PT  is  used  in 
pedestal  applications  and  the  2200LG/AT  is  to  be  used  in  aerial 
applications. 

The  second  option  for  providing  easier  drop  cable  installation  is  to 
use  the  preterm  concept.  People  familiar  with  copper  plant 
construction  methods  will  recognize  the  name.  This  concept  has  been 
used  quite  successfully  In  copper  plant  when  epplied  to  the 
appropriate  outside  plant  conditions.  Preterm,  as  shown  in  Figure  7, 
simply  includes  pre-installation  joining  of  the  drop  cable  fibers  to  the 
appropriate  distribution  fibers,  splice  encasement  in  a  closure,  and 
organization  of  the  cable  network  on  a  cable  reel.  The  cable  reel 
assembly  Is  taken  to  the  field  after  the  distribution  trench  Is  opened 
and  the  cable  is  rolled  out  into  the  trench.  If  drop  trenches  are 
already  present,  the  drop  cable  it  laid  in  the  trench.  If  the  drop  cable 
trenches  are  not  open,  the  drop  Is  stored  at  the  street  for  later 
installation.  Connector  protection  Is  advisable  far  Lightguide  Preterm 
Installation.  The  end  of  the  drop  cable  that  goes  to  the  DT  and  is 
preeormeetorized  with  ST*  connectors,  should  hare  a  cover  installed 
to  protect  the  connectors  during  reel  storage,  shipment  and  possible 
onsite  storage.  Cv“'' icctori  ration  and  water  blocking  techniques 
similar  to  those  used  with  the  preeormeetorized  drop  cable*  product 
can  achieve  the  required  level  of  protection. 


FXXJRC7  PRETERM 

Crowfidd  Plantation,  a  riverfront  community  west  of  Charleston, 
South  Carolina,  was  the  first  application  of  Lightguide  Preterm. 
Eighty-four  homes  were  served  by  four  reels  of  preterm.  Hie 
majority  of  the  distribution  points  provided  drop  cables  for  four 
homes  while  a  few  served  two  homes.  All  distribution  splice  points 
were  enclosed  in  the  UCB-I  Universal  Closures  in  an  assembly  that 
took  place  at  the  manufacturing  site.  End-to-end  testing  of  all  drop 
connection  were  made  as  they  were  built.  Once  installed  in  the  field, 
the  UCB-1  closure  is  placed  in  a  5ID3  outer  closure  and 
encapsulated.  Because  most  of  the  homes  would  not  be  completed  at 
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the  lime  of  cable  placement,  the  conncetorized  DT  end  of  ihe  drop 
cable  was  to  be  Howl  at  ihe  street  and  protected  with  the  previously 
described  methods. 

Die  approach  used  at  Crow  Ac  Id  allowed  fast  Initial  Installation  but 
not  the  easiest  reentry  foe  replacement  of  drops  or  foe  testing.  Using 
the  knowledge  gained  In  the  building  Crow  field  Installation,  a  second 
preterm  project  it  being  planned  that  will  combine  the  best  of  the 
preterm  approach  used  in  Crowfield  with  the  accessibility  of  the 
2100LG/BT  Terminal  and  the  cost  effectiveness  of  the  23C0LG/DC 
Closure.  This  architecture  is  shown  in  Figure  8.  A  stub  cable 
containing  the  appropriate  number  of  fibers  to  serve  customers  will 
be  spiked  at  each  distribution  point.  The  spike  will  be  enclosed  in  a 
2500LC/DC  and  the  other  end  of  the  Stub  will  l«  eonnectoriicd  with 
ST  connectors  and  a  protective  package.  The  assembly  will  be 
organized  on  a  reel  as  was  done  for  the  Crowfield  Installation.  When 
the  assembly  is  installed  In  the  field,  the  2100CG/BT  will  be  installed 
on  the  connector! zed  stub  and  stored  in  a  handhole.  As  homes  are 
built,  an  installer  will  bring  a  double-ended  conneetorurd  drop  to  the 
field.  The  drop  will  be  placed  In  a  trench  and  the  preconnectoruod 
ends  will  be  plugged  into  the  210QLG  terminal  and  in  the  DT  on  the 
customer's  premise. 


moo  loroc 


FIGURE  8.  ENUANCEO  PRETERM 


4.  Testing  Requirements 

4.1  Optical  Testing 

Optical  testing  of  the  Installed  ST  connectors  is  required  on 
preconncctorizcd  drop  and  preterm  drops.  Two  measurements, 
Insertion  Loss  and  Return  Loss,  are  made.  Both  measurements  arc 
made  against  a  reference  assembly  consisting  of  a  length  of  fiber 
jumper,  having  ST  connectors  on  both  ends  and  a  coupling  on  one 
end.  Measurements  arc  typically  made  at  1310  nm.  Test 
requirements  are  set  usually  by  the  customer. 

Preterm  projects  c<in  result  in  some  very  long  lengths  of  fiber  to  be 
tested  along  with  the  ST  connector.  In  this  case,  a  method  is  agreed 
to  with  the  customer,  to  either  alter  the  test  requirement,  or  suborn 
out  a  known  cable  loss. 

42  Mechanical  &  Environmental  Testing 

4.2.1  Buried  Terminal 

To  determine  the  suitability  of  the  PVC  terminal  housing  for  outside 
plant  use,  a  number  of  mechanical,  material  and  environmental  tests 
were  performed.  To  date,  a  Bellcore  specification  has  not  been 
released  for  lightguide  terminal  applications.  However,  since  these 
terminals  are  intended  for  handhole  and  buried  applications,  Bellcore 
type  tests  were  conducted  in  accordance  with  their  specification  TR- 
TSY-000771  dated  HV88.  Results  were  as  follows: 


MECHANICAL 

Cable  Pu'Jout 
Distribution  Cable 
Drop  Cable 
Compression 
Impact 

ENVIRONMENTAL 

Water  Immersion 
Cable  Fault 
Freeze -thaw 

Sah-Fog  Corrosion 

MATERIAL 

Chemical  Resistance 
Fungus  Resistance 


lOOIta 
30  tbs, 

400  lbs.,  13  minutes 
lOfl-lb,  O'F  A  iOO'F 


10  Foot  Water  Head 
10  Foot  Water  Head 
40  Cycles  (in  Progress) 


30  Day  Exposure  (In  Progress) 

30  Day  Exposure  (In  Progress) 
30  Day  Exposure  (In  Progress) 


4.2.2  Splice  Closure 

The  2300LG/DC4  closure  functions  both  as  a  spike  closure  and  as  a 
terminal.  Belkore  has  establish  a  uniform  set  Of  functional  design 
and  performance  criteria  in  the  recently  released  TR-TSY-COOTT1. 
The  2300LG/DC4  closure  Is  presently  undergoing  mechanical, 
electrical  and  environment  testing  required  by  this  specification. 

422  Prcconncctorucd  Drops 

Prtconncciorized  drops  are  not  permanently  Insulted  in  the  outside 
plant  environment.  However,  temporary  storage  in  a  buried  and 
handhole  environment  could  last  up  u  two  years.  A  number  of 
mechanical  tests  and  resistance  to  water  entry  are  necessary  to  insure 
meeting  the  design  intent  of  the  product.  Typical  tests  and  their 
results  are; 


MECHANICAL  TEST 

Impact 
Sulk  Load: 

Distribution  Cable 
Drop  Cable 
Compression 


10  ft-lb 

100  lbs,  IS  minutes 
30  lbs,  IS  minutes 
200  lbs 


ENVIRONMENTAL  TESTS 

Water  Immersion  10  Foot  Water  Head 

Sheath  Fault  10  Foot  Water  Head 


5.  Summary 

Fiber  is  now  moving  into  "die  ’last  100  feet*.  The  architecture,  fiber- 
all-lhc-way-io-lhe-home,  requires  low-cost,  casy-to-insull  drop 
components.  A  need  for  flexibility  in  drop  cable  design, 
configuration  and  installation  methods  is  required  by  the  telcos.  To 
accommodate  the  many  types  of  drop  cables,  different  OSP 
approaches,  ronnectorized  and  non-connectorixcd  cables  and  variable 
craft  skill  levels,  new  kinds  of  drop  apparatus  hare  been  designed.  A 
series  of  products  were  developed  that  accommodate  either  splices  or 
preconncctorizcd  ST  connectors  for  buried,  pedestal,  Itandhole,  and 
aerial  plant.  The  fiber  drop  cable  can  be  preconncctorizcd  in  a 
factory  environment,  enhancing  reliability  and  substantially 
decreasing  field  installation  time.  The  complementary  closures  and 
terminal*  to  accept  the  preconncctorizcd  drops  have  readily  available 
connector  ports  that  allow  fast,  easy  installation  by  installer  level 
craft. 
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Abstract 

A  newly  designed  optical  fiber  cable 
for  iba  aobecrlber  network  baa  been 
successfully  developed.  Th@  new  cable  baa 
a  82  aloiied  atreclure  specially  designed 
and  can  accoaaodaie  up  lo  a inly  four  I- 
fiber  rlbbona.  The  cable  baa  excellent 
properties  on  aid  span  access  as  well  aa 
excellent  optical  and  aechanlcal 
characteristics  under  severe  environaentat 
conditions. 


I,  IntcodyciJop 

As  optical  fiber  cable  aystens  begin 
to  spread  to  subscriber  networks,  froa  the 
econoaical  view  point  of  the  optical  cable 
networks.  It  la  very  iaportant  for  (row in* 
subscriber  networks  lo  have  capability  of 
aid  span  access  froa  a  laying  cable.  The 
key  technology  is  bow  to  Joint  the  cable 
with  another  to  be  branched  without 
disturbing  the  service  of  the  other  live 
lines.  1),>) 

For  easy  operation  on  aid  span  access* 
the  fallowing  criteria  have  to  be  taken 
into  account  on  the  cable  design. 

l)Mow  to  get  the  sufficient  excess  fiber 
length  to  splice. 

t)How  to  wake  fiber  identification  easy. 

3)How  to  splice  the  target  fibers  easily 
without  disturbing  the  service  of  the 
other  live  lines. 

The  newly  ovveioped  cables  are 
coa posed  of  a  SZ  slotted  rod  and  2-flber 
ribbons.  The  SZ  slotted  structure  aakes 
it  possible  to  get  the  excess  fiber 
length,  so  target  fibers  can  be  easily 
taken  out  froa  the  slots.  And  the  ribbon 
structure  is  effective  for  easy  fiber 
handling  and  fiber  identification. 

How  these  optical  cables  have  been  in 
coaaercial  service  in  Japan  for  one  year. 


2.  Cab l*_df sign 
S-l. Cable  structure 

On  aid  span  access,  a  cable  is 
required  a  certain  aaounl  of  excess  fiber 
length  to  lake  the  target  fibers  out  and 
to  splice  the  fibers. 

One  of  the  solution  to  the  requi resent 
is  lo  adopt  a  82  technology  to  fiber 
stranding. 

Deteraining  a  cable  structure,  a 
lateral  force  resistance  have  to  be  taken 
into  one  or  the  considerations.  A  slotted 
core  structure  Is  the  best  choice  for  that 
requl resent. 

Therefore,  a  SZ  slotted  core  cable  was 
newly  developed  for  a  aid  span  access 
application. 

For  easy  aid  span  operation,  there 
aunt  be  an  excess  fiber  length  an  such  as 
possible.  Froa  the  experiaenlal  results, 
the  necessary  slack  for  aid  span  operation 
is  at  least  I8aa.  This  aaount  of  slack 
has  to  be  got  froa  SOOaa  cable  length 
which  is  equivalent  to  the  length  of 
Jointing  closure. 

On  the  basis  of  these  criteria,  the 
paraaeters  of  the  SZ  slotted  rods,  such  as 
the  SZ  lay  length,  the  SZ  reverse  angle, 
the  pitch  Jlaaeter  and  etc.,  have  been 
delerained.  Fig. I  shows  the  cable 
structure. 


2-2. Optical  fiber  structure 

Optical  fiber  structure  is  designed  to 
satisfy  following  criteria  for  easy 
operation  on  aid  span  access. 

1) Fiber  iden* Ticatlon 

It  is  db.  Irable  that  the  cables  for 
subscriber  networks  can  accoaaodaie  a 
large  nuaber  of  fibers.  Therefore, 
the  easy  identification  of  fibers  is 
iaportant. 
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2) Fiber  handling 

On  aid  ipM  accent  the  tartet  fiber* 
have  to  be  taken  out  fron  the  laying 
cable  without  disturbing  the  service 
of  the  other  live  line.  In  another 
word,  the  optical  loss  increaae 
exceed in«  the  sysleo  linit  la  not 
allowed  for  the  fiber*  in  aervlce 
during  a  aid  span  operation.  So  the 
optical  fiber  nuat  have  a  auitable 
oechanlca)  resistance  in  tern*  of  loaa 
increaae. 

On  the  baaia  of  theae  criteria,  the  2- 
fibwr  ribbon  atructure  la  uaed.  Fig.S 
•how*  the  croa*  aectionai  view  of  the 
newly  developed  2- fiber  ribbon. 

Generally,  a  pair  of  fiber*  are  uaed 


for  bi-directional  aignal  tranaaiaaion  in 
subscriber  network*.  Therefor*  the  2- 
fiber  ribbon  atructure  la  convenient  for 
fiber  handling,  auch  aa  aid  apan  acceaa 
and  riber  aplicing  ,  because  of  unity. 
Furthermore,  the  atructure  produces  the 
noderate  stiffness  coopered  with  ao no¬ 
fib*  ra  to  auppreas  the  excess  loss  due  to 
fiber  bending. 

The  2-fiber  ribbon*  can  be  easily 
identified  fron  the  coloring  of  fibers  as 
shown  in  Fig. 2,  ao  it  is  possible  to 
identify  nany  fiber*  in  a  slot. 

The  2-fiber  ribbon*  can  be  divided  to 
Individual  fibers,  as  a  result,  the  2- 
fiber  ribbon  can  be  also  spliced  to  each 
nono-fibera  as  shown  in  Fig. 2. 


SZ  slotted  rod 


Z-fibor  ribbon 


Splice  of  2-fibor  ribbon 


Fig. 2  2- fiber  ribbon  structure 


Divided  into  two  fibers 


Fig, 3  Splice  of  fiber 
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Me  have  developed  three  types  of  the 
SZ  slot  1-fiber  ribbon  cobles  so  ss  to 
•set  several  needs  end  the  envlronaents. 
these  cables  are  following. 

I 140-flber  type  aetallic  coble 
l)4t-/iber  type  non-eetallic  cable 
3)ltt-flber  type  aetallic  cable 

The  cross  sectional  views  -f  these 
cables  are  shown  In  Fig. 4. 


3.  Obit  prratrllf 

The  cable  properties  are  aainly 
described  In  a  Ill-fiber  type  aetallic 
cable.  The  cable  was  aanuractured 
experimentally  and  subjected  to  several 
tests.  The  fibers  used  for  the 
experimental  cable  were  single-mode 
fibers.  The  parameters  of  the  fibers  are 
shown  in  Table  1.  The  cable  properties 
were  investigated  by  the  measuring  or  loss 
changes  at  1300nm  wavelength. 


Strength  member 
(Steel  re) 

SZ  slotted  rod 
Z-flber  ribbon 
Jelly 
Core  wrap 
Sheath  O.D. 
40-fiber  type  metallic  cable 


Title  1  ctoaf  parameters 


Heme 

Parameters 

Fiber 

Single  mode  fiber 

Attenuation 

Lees  than  0.40dB/km 
at  1.30pm 

MFD 

lOtlpm 

Ac 

1.10-1.28ym 

Strength  member 
(FRP) 

0  D.*16is«tr 

48-fiber  type  non-metallic  cable 

Strength  member 
(Steel  wira) 

O.D. 

128-fiber  type  aetallic  cable 
Fig. 4  Cross  section  of  cable 


3-1 .Attenuation  in  cablo  manufacturing 

Fig. 5  ahowa  the  loaa  of  the  optical 
fibers  measured  at  cech  manufacturing 
processes.  Thu  loss  changes  through 
cabling  are  less  than  Q.02d,Vka.  It  is 
verified  that  this  cable  can  be 
aanufactured  easily  without  attenuation 
changes  through  cabling. 


Attenuation  of  optical  fibers 
in  cabia  manufacturing 
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3-I.Teaperaiure  characteristic* 


The  cable  was  subjected  to 
1  cape ra lure  teats.  The  tea^erolure  range 
was  -40c  through  ♦SOc.  Fig.  6  shows  the 
teaperalure  characteristics  In  teres  or 
loss  change.  The  loss  changes  are  less 
than  O.OSdB/kn.  This  cable  can  be  applied 
to  over  a  wide  tcaperature  range. 


Fio.6  Temoorature  daoendence 

sine  w 

of  attenuation  change 


3-3. Several  eechanlcal  testa 

The  cable  was  subjected  to  the 
ewchanictvi  tests  shown  In  Table  2.  In 
each  test,  the  loss  changes  were  not 
observed.  As  a  result,  it  was  verified 
that  this  cable  has  an  excellent 
mechanical  characteristics. 


4.  Ml<l_aP.8lIUCCJMU 

The  aid  span  joint  was  tried  in  a 
laboratory  while  aonitoring  attenuation 
loss  changes  and  bit  error  rate.  The 
experiaent  was  perforaed  with  a  128-type 
aetallic  coble.  Pig. 7  shows  the  process 
of  aid  span  joint.  The  test  conditions 
and  results  are  listed  in  table  3. 

As  a  result,  the  aaxiaua  attenuation 
loss  change  was  under  l.OdB  at  1.3ua  and 
no  bit  error  was  observed  at  lOOHbits 
clock  frequency.  Jt  was  verified  that  the 
cable  structure  is  available  to  do  aid 
span  joint  very  easily. 


(a) 


ffQjProc'M  of  mid  span joint 


a (Removing  the  sheath 

The  sheath  is  removed  the  splicing 
closure's  length  or  SOOaa. 

blinking  out  the  fibers 

The  fibers  are  taken  out  froa  the 
cable.  The  SZ  slotted  structure  aakes 
it  easy  to  take  out  the  fibers. 

c)Cuttlng  and  splicing  the  fibers 

The  needed  fiber  are  cut  and  spliced 
to  the  other  cable.  For  these 
operation,  the  sufficient  excess  fiber 
length  is  got  because  of  the  SZ 
slotted  structure. 


Tbble  3  Mid  span  Joint  test  condHtone  and  results 


Test  items 

Teet  conditions 

Results 

8lsck  of  fibers 

Cable  length 
800mm 

More  than  20mm 

Attenuation 

change 

Wavelength 

1.30um 

Less  than  IdB 

Bit  error  rate 

Clock  frequency 
lOOMbits 
Wavelength 
1.30um 

No  bit  error 
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Table  2  Mechanical  test  methods  and  results 


Test  items 


Test  methods 


Results 


Tensile  strength :  360kg 


Tensile  test 


Less  than  0.02dB 


Bending  test 


Compression  test 


Bending  die. :  210mm 
Bending  angle  :±  180* 


Compression  length :  50mm 
Compression  load :  150kg 


Column  dia. :  25mm 
Column  weight :  500g 
Impact  height :  1m 


Less  than  0.02dB 


Less  than  0.02dB 


Impact  test 


Less  than  0.02dB 


Twist  test 


Twist  angle :  4907m 
Tensile  strength :  25kg 


Squeezing  wheel  radius :  250mm 
Tensile  strength :  150kg 


Less  than  0.02dB 


Squeezing  test 


Less  than  0.02dB 
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CMtlmim 


H*«ly  designed  optical  cables  (or  the 
subscriber  networks  were  successfully 
developed.  The  cables  consist  of  a  SZ 
slotted  rod  and  2-flber  ribbons.  The 
structure  Is  suitable  for  uid  span  access 
frou  a  laying  cable  because  of  the 
sufficient  excess  fiber  length  to  access 
to  the  other  cable. 

The  expel ioental  cable  was  subjected 
to  several  tests  and  trials  of  aid  span 
access.  As  a  result,  it  was  verified  that 
the  cable  showed  sufficient  properties  for 
practical  application  and  the  structure 
was  available  to  do  aid  span  joint  very 
easily.  The  new  cable  could  bo  the  key 
technology  to  establish  the  cost  alniaua 
subscriber  networks.  Now  this  optical 
cables  have  been  in  coaaercial  service  in 
Japan  for  one  year. 
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fiber  cable".  CNN-88-25,  pp. 47-52,  1988. 

2)  H.  Nisutani,  N.  Kurokawa,  K.  Nlikura, 
T.  Hayakawa  and  N.  Nisonn, 

"Characteristics  of  SZ-siotted  structure 
optical  cable",  IEEE  Trans,  8-651,  1988. 
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ABSTRACT 


The  overwhelming  advantages  of  fiber-optic  technology 
for  shipboard  application  are  many  and  are  well  known. 
In  addition  to  providing  weight  and  space  savings,  it 
also  offers  immunity  from  electromagnetic  interference, 
accommodation  of  future  technological  growth,  etc. 
Application  of  fiber-optic  technology  for  shipboard 
sntems  poses  a  very  challenging  and  r".fflcult  task  of 
the  development  of  transmission  cables.  Fiber-optic 
cables  for  shipboard  application  are  one  of  the  most 
complex  and  demanding  to  design  and  manufacture. 
The  stringent  design  specification  is  primarily  derived 
from  the  considerations  of  safety  of  personnel  aboard 
ship,  and  the  operation,  reliability  and  survivability  of 
the  shipboard  systems.  Shipboard  fiberoptic  cables 
with  a  low/no  halogen  thermoplastic  jacket  material 
have  been  developed.  Cable  designs  with  different  fiber 
counts  were  manufactured  and  evaluated  for 
performance  to  the  existing  specifications.  This  paper 
presents  the  cable  designs  and  performance  results. 


INTRODUCTION 


Fiber-optic  technology,  the  medium  of  choice  for 
transmission  in  commercial  communication  applications, 
is  now  becoming  a  medium  of  choice  in  military 
applications.  Fiber-optics  is  currently  being  used 
and/or  experimented  with  in  several  military  and 
specialty  applications,  such  as  in  tactical,  aircraft, 
fiber-optic  guided  missiles  and  other  weapon  systems, 
control  systems,  computers  and  telecommunications. 
The  U.  S.  Navy  is  also  working  very  intensely  to 
efficiently  integrate  fiber  optics  in  both  shipboard 
systems  and  shore  facilities.  With  regard  to  shipboard 
systems,  the  U.S.  Navy  has  recognized  the 
overwhelming  advantages  fiber  optic  systems  can 
provide  to  enhance  a  snip's  operational  capability.  It 
should  be  noted  that  fiber  optics  affords  the 
opportunity: 

•  to  remove  tens  of  thousands  of  pounds  from  a  ship's 
weight  and  reduce  cable  space  requirements  by 
providing  cables  that  are  light  in  weight  and  have 
small  diameters  (volume],  yet  increase  the 
information  carrying  capability  compared  to  present 
copper  cable  systems,  thereby  enhancing  the  ship's 
operational  capability. 


•  to  Integrate  all  of  a  ship's  systems  and  sub-systems, 
i.e.,  control  (machinery),  sensors,  alarms,  weapons, 
surveillance,  telecommunications,  administration, 
video,  etc.,  into  a  single  survivable  network  aboard  a 
ship 

•  to  be  assured  that  this  network  is  capable  of 
sustaining  technological  and  capacity  growth,  and 
that  the  comnoncnts  are  designed  to  last  for  the  life 
of  the  ship 

•  to  implement  a  cable  plant  that  provides  immunity 
against  electromagnetic  pulse  (EMP), 
electromagnetic  interference  (EMI),  and  radio 
frequency  interference  (RF1)  and  that  requires  no 
sheath  gtoundlng 

•  to  achieve  cost  effectiveness  when  compared  to 
similar  functional  systems  and  to  enhance  the  overall 
reliability,  survivability,  and  capability  of  a  new 
class  of  warships 

In  ships  today,  copper  coaxial  cables  are  used 
extensively  to  connect  radar  and  other  surveillance 
systems  to  a  ship's  main  computers  and  processors 
distributed  throughout  the  ship.  Figure  1  illustrates 
typical  system  locations  aboard  a  ship.  Most  of  the 
sensory  equipment  is  generally  interconnected  and 
clustered  in  the  superstructure  while  the  computers  and 
displays  are  located  below  deck.  This  causes  a  high 
concentration  of  copper  cable  weight  in  the 
superstructure  which  must  be  balanced  by  ballast 
below.  Since  modern  ships  no  longer  have  heavy 
boilers,  piping,  etc.  below  deck  (lighter  weight  gas 
turbines  are  the  main  propulsion  units),  the  added 
compensating  ballast  reduces  the  weight  advantage 
originally  gained  by  installing  gas  turbines.  Fiber-optic 
cable  can  drastically  reduce  the  weight  of  the 
transmission  media  aboard  a  ship  and  restore  some  of 
the  weight  reductions  sought.  It  is  estimated  that  as 
much  as  00%  weight  and  space  reduction  of 
transmission  media  can  be  achieved  by  replacing  copper 
cables  with  fiber-optic  cables.  Furthermore,  because 
the  volume  of  the  fiber  cables  is  less  than  their  copper 
counterparts,  usable  space  inside  a  ship  is  increased. 

In  order  to  achieve  all  of  the  above  advantages,  fiber¬ 
optic  cables  for  shipboard  application  are  being 
developed.  The  design,  development  and  manufacture 
of  the  shipboard  cables  are  one  of  the  most  demanding 
and  difficult,  because  of  the  stringent  performance 
requirements.  This  stringent  design  specification  is 
primarily  derived  from  the  considerations  of  safety  of 
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personnel  aboard  ship,  and  the  operation,  reliability, 
and  survivability  of  the  shipboard  system.  In  the 
following,  the  shipboard  cable  specifications,  cable 
designs  and  the  results  of  evaluation  of  the  cables  are 
presented. 


SHIPBOARD  CABLE  SPECIFICATIONS 


Currently,  there  are  three  military  specifications, 
namely  D0D-C-85045C,  PMS-tOO-XYZ-1,  and  MIUC- 
00«045(NAVY)  (Draft),  which  can  govern  the 
shipboard  cable  design.  The  DOD-C-85<M5C 
specification  is  used  at  present  for  tactical  cable 
designs.  This  specification  also  inrludes  requirements 
pertinent  to  shipboard  cable  designs.  However,  this 
specification  is  not  currently  being  used  for  shipboard 
cables.  PMS-tOO-XYZ-l  is  the  specification  which  has 
been  used  until  recently  for  shipboard  cable  designs. 
This  draft  specification,  which  specifies  a  100/H0pni 
multimode  fiber,  was  considered  not  comprehensive 
enough  for  shipboard  application.  Thus,  a  new 
specification  was  recently  developed  for  shipboard 
cables  by  the  U.  3.  Navy  called  M I L- C-0Q85Q1 5( N A VY) 
(Draft),  along  with  new  specifications  for  fibers, 
connectors,  splices,  and  inter-connection  equipment. 
This  new  specification  is  currently  being  specified  for 
procurements  of  fiber  optic  cables  for  shipboard 
application.  The  performance  of  the  cables  described 
later  has  been  evaluated  against  this  new  specification. 
These  specifications,  in  general,  require  that  the  cables 
have  low  toxicity,  contain  low  or  no  halogen,  generate 
low  smoke  and  acid  gas,  be  flame  retardant,  operate 
under  extreme  operating  and  storage  temperature 
ranges,  withstand  stringent  mechanical  requirements 
and  very  high  water  pressure,  survive  hostile  fluids  at 
high  temperature,  and  meet  other  demanding  criteria. 
All  the  above  requirements,  individually  and  in  most 
combinations  thereof,  can  be  met  with  appropriate 
material  selection  and  cable  design  features.  Meeting 
all  of  the  requirements  simultaneously  without  any 
exceptions  may  be  very  difficult  and/or  may  result  in 
quite  expensive  cables.  For  example,  meeting  the  high 


temperature  fluid  exposure  requirement  may  call  for 
radiation  crosslinking  or  continuous  vulcanization  of 
Jacketing  materials.  There  are  some  thermoplastic 
material*  available  which  will  meet  the  fluid 
requirements,  but  are  too  stiff  for  shipboard 
applications.  These  aspects  make  the  design, 
development,  and  manufacture  of  shipboard  able* 
most  difficult  and  challenging.  The  design, 
development,  and  performance  evaluation  of  four  and 
single  fiber  cables  for  shipboard  application  have  been 
completed  and  are  presented  below. 


FIBER  DESIGN 


Early  trials  aboard  ships  used  lOO/HOpm  multimode 
fiber.  However,  the  present  trend  is  towards  radiation- 
hardened  62.5/l25pm  graded  index  multimode  fiber. 
The  new  draft  fiber  specification,  M1L-F- 
<XM929I(NAVY)  (Draft),  specifies  this  multimode  fiber, 
along  with  single-mode  fibers.  The  62.5/125  multimode 
fiber  offers  the  best  combination  of  low  loss,  low 
microbending  and  macrobending  loss  sensitivity,  good 
source-to-fiber  coupling  efficiency,  and  high  bandwidth 
as  well  as  compatibility  with  existing  connectorization 
anu  splicing  technologies  and  components.  In  the 
future,  as  data  transmission  capacity  requirements 
increase,  it  appears  that  single-inode  fibers  will  find 
more  applications  in  shipboard  fiber-optic  systems.  The 
new  draft  specification  for  fiber  also  covers  the 
requirements  for  single-mode  fibers,  Tor  such  high 
transmission  rate  applications. 


CABLE  DESIGNS 

Development  of  a  four  fiber  shipboard  cable  has  been 
completed.  The  cable  cross-section  is  presented  in 
Figure  2,  and  an  isometric  view  is  presented  in  Figure  3. 
The  cable  uses  radiation-hardened  62.5/125  pm 
multimode  fiber.  The  cable  consists  of  a  central 
waterblocking  yarn  with  four  optical  fiber  cable 
components  (OFCC)  stranded  over  it  along  with 
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waterbioeklng  yarn.  The  croat-aection  of  the  OFCC  la 
given  In  Figure  4.  The  OFCC  contain*  »  \XX>  ftm 
polyeeUtr  elastomer  buffered  fiber,  surrounded  by 
Kevlar  yarn  nnd  »  low  halogen  jykei.  Over  the 
OFCC  units,  two  layers  of  Kevlsr  yarn  strength 
members  src  stranded  in  opposing  lays.  These  Kevlsr 
ysrn  strength  members  src  t rested  with  polymers  which 
sre  wster  swellsbie,  eliminsting  the  need  for  scpsrsic 
wsterb|ocking  members.  The  use  of  such  waterbioeklng 
Kevlsr  ysrn  siso  minimises  the  ccble  sise,  in  sddition 
to  providing  s  uniform  wsterblocking  structure.  A  toy 
halogen  outer  jsckct  is  then  extruded  over  the  Kevlsr 
ysin  strength  members.  The  components  snd  the  csble 
were  designed  such  thst  the  csble  is  very  flexible, 
compsct,  snd  meets  the  wsterblocking  requirement 
more  thsn  sdcquslely. 


Figure  4.  Cross-Section  of  Optics!  Fiber  Csble 
Component  (OFCC) 


The  OFCC  hss  been  evslusted  ss  s  single  fiber  csble  by 
itself.  Thus,  In  the  following  section,  the  performxnec 
results  of  the  four  fiber  csble  ss  well  ss  the  single  fiber 
csble  (OFCC)  sre  presented. 


PERFORMANCE  RESULTS 


The  shipboard  csble  performance  evaluation  consists  of 
optics),  chemical,  environmental  snd  mechanical  tests. 
Optics)  properties  of  attenuation  rate,  bandwidth  snd 
numerics)  aperture  along  with  numerous  other 
dimensions)  snd  mechanical  requirements  ere  chccied 
at  the  fiber  stage,  snd  fibers  which  meet  nil  the 
specifications  sre  then  used  for  cabling.  Fibers  used 
were  proof  tested  to  800  MPa.  The  wavelength  of 
operation  foe  these  cables  is  1300  nm.  The  cables  can 
siso  be  operated  at  850  nm.  The  mean  attenuations  of 
the  finished  cable  at  1300  nm  snd  850  nm  were  3.4 
dB/km  snd  4.3  dD/km,  respectively.  The  general 
properties  of  the  cables  are  given  in  Table  ). 

The  chemical  tests  consist  of  acid  gas  generation, 
halogen  content,  toxicity  index,  and  fire  and  smoke 
properties.  The  results  of  these  tests  and  the 
requirements  are  presented  in  Table  II.  The  finished 
cables  meet  the  acid  gas  generation,  halogen  content, 
and  toxicity  index  requirements  with  good  margin.  The 
halogen  content  results  correspond  to  the  total  of  the 
four  halogens,  namely  fluorine,  chlorine,  bromine  and 
Iodine. 

The  cables  pass  the  IEEE-383  flame  test.  The  IEEE-383 
test  is  not  required  by  MIL-C-0085045(NAVY) 
specification.  Tl?  cables  were  tested  and  the  results 
arc  reported  for  Information  only.  The  MII<-C* 
0085t>45(NAVY)  specification  requires  the  UL-910 


TABLE  I.  GENERAL  PROPERTIES  OF  SHIPBOARD  CABLES 


PARAMETER 

CABLE  PROPERTY 

Cable  Designs  (No.  of  OFCCs) 

4  and  1 

Fiber  Type 

02.5/125  m  Rad-Hard 

Specification 

MIL- C- 008 5045  (NAVY)  (Draft) 

Material 

Thermoplastic 

Typical/Maxiinum  Cabled 

Fiber  Loss 

1.4/2.0  dB/kir. 

@  1300  nm 

Typical/Maximum  Cabling 
Added  Loss  (from  Fiber),  A 

0.6/1. 0  dB/km 
@  1300  nm 

Wavelengths  of  Operation 

1300  and  850  nm 
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TABLE  11.  CHEMICAL  PROPERTIES  OP  SHIPBOARD  CABLES 


TEST 

REQUIREMENT  FOR 
1-OFCC  /  t-OFCC 

CABLE  PERFORMANCE 

-t-OFCC 

l-OFCC 

Acid  Gas  Generation 

MIL-C-0085(H5 
<  2.0%  /  2,0% 

-0.19% 

—  0.02% 

Halogen  Content 

MIL-C-0065045 
<  0.2%  /  0.2% 

-  0.01% 

-  0.01% 

Toxicity  Index 

NES  713 
<  5.0  /  5.0 

—  3.02 

—  3.35 

Fungus  Resistance 

MIL-STD-810,  Method  508 
Grade  I  /  Grade  I 

Cable  k  Components 
Grade! 

Use  -t-OFCC  Result 

Limiting  Oxygen 

Index  temperature 
(For  Information  Only) 

NES  715,  >  250*0/250* C 
Not  Required  by 
MIL-C-0G85O1S 

—  306*0 

- 

Oxygen  Index 
(For  Information  Only) 

Not  Required  by 
Mll,-C-00850IS 

NES  715 

—  13.5%  @  23  *C 

- 

plenum  cable  fire  test,  with  two  modification*  to  the 
requirement*.  The  first  modified  requirement  la  that 
the  flame  travel  time  product  value  for  the  cable  for  the 
first  ten  minute*  of  the  tent  u*lng  the  ASTM-E-81 
procedure  aI.aH  be  less  than  or  equal  to  27.5  m.mln  (the 
•tandard  UL-910  requirement  l*  that  the  flame  travel 
should  be  lea*  than  or  equal  to  1.52  in  for  the  total  lest 
duration  of  20  minutes).  The  second  modified 
requirement  is  that  the  cable  should  meet  the  standard 
UL-910  smoke  requirements  (average  optical  density  < 


0.15  and  maximum  optical  density  <  0.5)  or  the  cable's 
specific  optical  density  under  flaming  combustion  (Dm) 
using  ASTM-E-662  procedure  be  <  225.  The  above 
modified  requirements  are  applicable  for  multi-fiber 
(>2)  cables  only.  The  single  fiber  cable  (OFCC)  is  not 
required  to  meet  any  of  the  above  requirements,  except 
the  ASTM-D-662  specific  optical  density  under  flaming 
combustion  requirement.  Table  III  shows  that  both  the 
cables  meet  the  specified  fire  and  smoke  requirements. 


TABLE  HI.  FIRE  AND  SMOKE  PROPERTIES  OF  SHIPBOARD  CABLES 


TEST 

REQUIREMENT  FOR 
-t-OFCC  /  l-OFCC 

CABLE  PERFORMANCE 

1-OFCC 

l-OFCC 

Specific  Optical  Density 
Under  Flaming  Combustion 

ASTM-E-662 

Dm<  225  /  225 

-50.2 

-56.0 

Flsme  Propagation 
and  Smoke  Generation 

IEEE-383 

Flame  Spread  <  2.1  ra  /  2.1  m 
Not  Requited  by  MIL-C-0085015 
(For  Information  Only) 

—  1.3  m 

-2.2  m 

UL-910 

Average  Optical 
.Density  <  0.15  /  None 
Maximum  Optical 

Density  <  0.5  /  None 

Flame  Spread  Time 

Product  for  First 

10  Minutes 
<  27.5  m.min  /  None 

-0.11 

-0.5 

—  12.8  m.min 

-0.02 

-0.25 

— 10.5  m.min 
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Three  of  the  most  important  environment*!  it* is  *rc 
temperature  cycling,  »i  ambient  *ml  high  humidities, 
*nd  accelerated  aging.  For  shipboard  cable  evaluation, 
the  temperature  cycling  at  ambient  and  high  humidities 
have  been  combined  to  a  temperature-humidity  cycling 
(WSoRH  above  20*  C  and  uncontrolled  below  20  *C)  as 
shown  in  Figure  5.  The  Orel  three  cycles  correspond  to 
the  required  temperature  range  of  -28*C  to  W*C.  In 
the  next  two  cycles,  the  cables  were  evaluated  for  an 


extended  cold  temperature  of  *55  *C.  The  results  of  the 
temperature-humidity  cycling  performance  of  the  cables 
are  given  in  Figure  6.  In  the  accelerated  aging  lest,  the 
cables  were  subjected  to  a  constant  temperature  of 
100  *C  for  2-tO  hours.  The  results  of  the  accelerated 
aging  pcrformai.cc  of  the  cables  are  given  In  Figure  7. 
Tne  cables  meet  and  surnaas  the  requirements  for  these 
environmental  tests  showing  excellent  performance. 


Figure  S.  Temperature-Humidity  Cycle  for  Shipboard  Cables 
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Figure  0.  Temperature-Humidity  Cycling  Teat  Results  for  Shipboard  Cables 
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Figure  7.  Accelerated  Aging  Teat  Result#  for  Shipboard  Cable# 


The  cables  were  then  subjected  to  a  long  list  of 
environmental  and  mechanical  tests.  The  results  of 
these  tests  along  with  the  specified  requirements  are 
given  in  Tables  IV  and  V.  The  cables'  environmental 
and  mechanical  performance  exceeds  that  of  the 
specification  requirements  in  terms  of  test  loading, 
number  of  cycles,  and/or  attenuation  change.  During 
these  tests,  for  the  d*OFCC  cables,  Uo  of  the  fibers 
were  monitored  at  850  nm  wa%’clcngth,  and  the  other 
two  fibers  at  1300  nm.  The  increase  in  i, Herniation  (A) 
reported  in  Tables  IV  and  V  corresponds  to  the 
maximum  of  the  four  fiber  values. 

The  cable  jacket  material  and  the  cables  were  subjected 
to  fluid  immersion  tests  using  several  fluids  at  different 
temperatures.  The  results  of  tensile  strength  and 
elongation  retention  of  dumbbell  specimens  of  the 
jacket  material,  and  the  outer  diameter  swell  of  the 
cables  due  to  fluid  immersion  at  the  required 
temperatures  are  given  in  Table  VI. 


CONCLUSIONS 


The  design,  development,  and  performance  evaluation 
of  fiber-optic  cables  with  four  and  single  fibers  for 
shipboard  systems  were  presented.  The  cables  either 
meet  or  surpass  the  requirements  specified  in  M1L-C- 
00850-15  specification. 
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TABLE  IV.  ENVIRONMENTAL  PROPERTIES  OP  SHIPBOARD  CABLES 


TEST 

REQUIREMENT  FOR 

4-OFCC  /  1-OFCC 

CABLE  PERFORMANCE 

4-OFCC 

1-OFCC 

Thermal  Shock 

ElA-455-160 

A*  <  0.5  dB/km  /  0.5  dU/km 

Diameter  Change*4  <  Abifdb  10%  / 10%) 
Tensile  Strength  Retension***  -  None 

A  —  0.15  dB/km 
- 1.04% 

-  101.5% 

A  -  0.00  dB/km 

—  3.04% 

-  101.5% 

Temperature-Humidity 

EIA-455-182 

A  <  0.5  dB/km  /  0.5  dB/km 

Diameter  Change  <  AbK±  10%  /  10%) 
Tensile  Strength  RelensSos  >  75% 

Set  Figures  5  k  6 
-0.2% 

-96.8% 

Use  4-OFCC  Results 
- 1.8% 

-  W.8% 

Gas  Flame 

EIA-455-83 

A  <  0.5  dB  /  None 

Not  Applicable 

Weathering 

ASTM-D-2565 

A  <  0.5  dB  /  None 

Tensile  Strength  Re  tension  >  75% 

Non-Acquirable  Data 
-  BS.8% 

Not  Applicable 

Fluid  1  miner*  km 

Mll«-C-tX»5(H5 

For  Dumbbell, 

FED-STD-228,  3021  k  3031 

Tensile  Strength  Retension  >  50% 
Elongation  Intension***  >  50% 

For  Cable,  EIA-455-I2 

Diameter  swell  <  10%  /  10% 

See  Table.  VI 

See  Table  VI 

Water  Absorption 

ASTM-D-470 

<  3.8  mg/cm1  /  3.8  mg /era* 

—  2.7  mg/cm5 

—  3.6  mg/cm3 

Sail  Spray 

F.IA-455-16,  35  *C,  86  hm 

No  Damage  /  No  Damage 

No  Damage 

Use  4-OFCC  Results 

Accelerated  Aging 

FED-STD-228, 4031 

A  <0.5 dB/km/ 0.5 dB/km 

Tensile  Strength  Retension  >  75% 
Diameter  Change  <  Abs{±  7b%  /  10%) 

See  Figure  7 
«  115.0% 

-  0.63% 

See  Figure  7 
»  115.0% 

-  1.08% 

Jacket  Self-Adhesion 
or  Blocking 

BIA-455-84, 71  *  C,  48  hrs 

No  Adhesion  /  No  Adhesion 

No  Adhesion 

No  Adhesion 

Ultraviolet  Radiation 

MIL-STD-810, 505,  Procedure  II 

Not  Applicable 

Not  Applicable 

Oxygen  Pressure 
Exposure 

MIL-C-0085045 

Not  Applicable 

Not  Applicable 

Vibration 

MIL-STD-187-1,  Type  l 

Any  Transient  Attenuation  With 

A  >  0.5  dB  /  0.5  dB 

At71**  >  5d  //sc c  /  50  //sec 

None 

A  >  0.5  dB  and 

At"^  10  //sec 

Use  4-OFCC  Results 

Shock 

MIL-S-OOl,  Grade  A,  Type  A,  Class  I 

Any  Transient  Attenuation  With 

A  >  0.5  dB  /  0.5  dB 

At"^  50  //sc c  /  50  //sec 

None 

A  >  0.5  dB  and 

At->  10  //sec 

Use  4-OFCC  Results 

*  A  -  Increase  in  Attenuation 

**  Diameter  Change  Values  are  Obtained  Using  Cable  Samples 

Tensile  Strength  and  Elongation  Values  arc  Obtained  Using  Dumbbell  Specimens 
****  At  -Time  Duration 
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TABLE  V.  MECHANICAL  PROPERTIES  OF  SHIPBOARD  CABLES 


TEST 


Tcniilt  l,0*'lirt 


Dynamic  lkr.4 


FkiNii 
(Odd  IWnd) 


T»kl  Bend 


REQUIREMENT  FOR 
dOFCC/1-QFCC 


F.IA.tW-33 

&  HITS  N  /  *70  N  &  MVZ  Strain 
A'^tUdll/OAdll 


MI)*C-«0*»tt.*»‘\eS4N 

A  £04 dll/ 04 dll 


ElA-IK-W,  tAkt/IAk»,  Ik 
A<04dl)/O4dll 
SaS  Cyder®  ?i‘C 
loocyde*®  .arc 


KIA-CS5-M.  390  N  /  tl  N,  10  Cyeb* 
A£o4dl)/04dB 


Kw.«j-»s.fe;.ire 

ia0k»/b.0kii.3Ten«i 

AiNoor/OJSdlt 


Rriitai 

OHBpfCWte# 


EtAdtttl.  >  I MflN/JWN 
a  <04.111704  tin 
CftMetaift  <  ■«  ijli 


MII,C.<*#iat$ 

A£t»4dft/N«« 


KiA-tw-»,t.ov.(,;ojii» 
A  <  04  dll /<?.*  <01 
50Cyd«®  34‘C 
JOCjtMW  *!»*C 

30  Cyder®  65*C 


Corner  lleud  MIE-C-OWiOtS,  5«.  >  374  N  /  I0Q  N 
A  £  04  dll  /  0,4  dlT 


I'rcarurt  Cyvtinc  |  MIU&OGMOtJ 


MU-OdWKW* 


llydrcwtatle 

(’feature 


Fiaksmmsjii,  iw  *c,«  bt* 

NoDdp/Nolldr 


UfIpF(»C 


WalffbkxkU*  MilrC-OWSOtt,  O.IM  MI’a,  5  bis 

(DUtillcd  Waitr)  Ueknfii  <  W  ml  /  None 

c»kk  Jwktt  rBOJmVmam 

Tear  Strength  .  J>  50  N/ect 


Jacket  Material  FED-STO-SaT,  30JI  *  3031 
Trntlle  Stren(th  >  5KVJ  N/ew* 

and  Elongation  <  I.HtfS 


Cable  Abraakm  Mll.-C-WSOtS 


Redftaaec 


■jr/nnlB* 

ICO  Cytia,  No  Electrical  Contact 
Cable- lo-C*Uv 

100  Crete?,  No  Electrical  Contact 


Cable  SbiUlcatc  MIL-C-OOMOIS.  150  ‘C,  5  bn 
<  0.53  cm  /  0.53  cm 


Cable  Element  MIUC4W5045 

Removability  Eaaily  Renovable 


Durability  (A 
Identification 
Marltlnt 


Rlbbrn 

Delamination 


MIL/C-0035045 

500  Cycle#,  No  Eraiure/Obllteratlon 


M1D-C-QQ5504S 


|  CAIIMa  I'KHFOIIMANCK 

tOFCC 

l-OFCC 

-  35*0  N,  >  O.tf’S  Strain 
A-OJCdll 

—  500  N,  5*  M47t*  Strain 

A-0.I7  4B 

A  m  »J.1»  dll 

A -0313  41) 

A£04dR/o/  ■ 

4,..  at*  dll,*  .tyd-.iookt 

A  «tU*4il,U.  Cyder,  it)  b( 

A  —  a03  dll,  30»  Cycler.  3.0  b( 

A  —  03>5  dll,  100  Cyder,  10  k» 

*1  Cycle* 

A  —  art?  dll 

X)  Cyder 

A  —  0.01  dll 

Ae.t5.tfdn 

A -0.13  dll 

A  - Itto  an,  3000  Cyder.  ItW  l( 
A  -  tUO  dll.  lot)  Cyder.  10.0  kj 

A  -  001  dll.  3000  Cyder.  10  kt 

A  —  0.00  dll,  100  Cyder,  ID  k( 

3001 N 

a  -  aw  d»t 
-•*34  Jl) 

SOON 

A -001  dll 

Not  Applicable 

T<XW  w*  174  It  (.cm 
h  w  (LOi  kiH 

Not  Aplfieable 

a  —  O0t  dB,  100  Cyder,  3d)  k|t 

A  .*341  dll. »  Cyder,  l.Ukt 
Jacket  Spill  ®  3  Cyder 

A -001  dll.  100  Cyder,  O.M  k; 

A  —  0.03  dll,  50  Cyder,  0.55  k  t 
Jatkcl  Spfit  W  *5  Cyder 

A  v-atHwid, 20 Cyder,  I0k& 

W?N 

A -AOS  HQ 

3u)N 

A -005  dll 

Not  Applicable 

Not  Apj*Kc*l»l« 

Not  Applicable 

Not  Applicable 

No  Drip 

No  Drip 

0.175  MBa 
-  U.oml 

Not  Applicable 

w  M.?  N/cm 

-  55.7  N/cm 

-lilt  N/cu* 

-ItTco 

- 113)  N/cm* 

- 1 

No  Electrical  Contact 

No  Electrical  Contact 

b're  t-OFCC  ItcrulU 

-  0.13  cm 

-005  cm 

Eaaily  Removable 

Eaeliy  Removable 

No  ErMure/OblHerailoa 

No  Krourt/ObHierition 

Not  Applicable 

Not  Applicable 

*  A  •  Increase  In  Attenuation 
"  Mandrel  Diameter  to  Cable  Outtr  Diameter  Ratio 
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TABLE  VI.  FLUID  IMMERSION  PROPERTIES  OF  JACKET  MATERIAL 


FLUID  AND 
SPECIFICATION 

TEST 
TEMP.,  ’C 

0.125  Inch  DUMBBELL 

0. 1).  SWELL,  ('i 

STRENGTH 

RETENTION. 

ELONGATION 

RETENTION, 

•t-OFCC 

1-OFCC 

REQUIREMENT 

- 

>  M 

>  50 

<  to 

<  io 

Fuel  Oin  (Diesel) 
MIL-F-ICSSl 

35 

CO 

1!G 

5 

n 

Turbine  Fuel  (JP-5) 
MIL-T-5G2I 

25 

CO 

02 

5 

0 

Isopropyl  Alcohol 
TM-735 

25 

SO 

110 

0 

0 

Hydraulic  Fluid 

MIL-I I-5G00 

50 

51 

00 

0 

S 

Lubricating  Oil 
MIL-L-1733I 

75 

CS 

110 

7 

0 

Lubricating  Oil 
MIL-1,-23090 

75 

76 

109 

5 

10 

Coolant 

25 

105 

113 

0 

0 

Seawater 

25 

Ot 

87 

0 
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OPTICAL  FIBER  DESIGN  CHALLENGES  FOR  TACTICAL  SYSTEM  APPLICATIONS 


11.  P.  Hsu 

Hugh#*  Aircraft  Company,  81**11#  System*  Croup 
8433  Fallbrook  Avenue,  Canoga  Park.  CA.  91304 

V.  E.  Kalomlri* 

U.  S.  Army  Communicatlons-Eleetronic*  Command 
Fort  Monmouth,  N.  J.  07703 


ABSTRACT 

Ttii*  paper  discusses  the  technical  challenges 
in  optical  fiber  design  for  tactical  systems. 
The  relationships  between  the  performance 
concerns  and  various  fiber  design  parameters 
are  reviewed  along  with  the  state-of-the-art 
fibers  which  are  optimized  to  meet  conflicting 
performance  requirements  of  taetlcal  systems. 


1.  Introduction 

Large  signal  bandwidth,  law  transmission  loss, 
electromagnetic  Interference  (EMI)  or  electro¬ 
magnetic  pulse  (EMP)  immunity,  and  light  weight 
have  made  optical  fiber  an  attractive  trans¬ 
mission  medium  for  both  commercial  and 
tactical  communication  system*.  All  fiber 
optic  communication  systems  use  similar  com¬ 
ponents  for  signal  generatlon/decectlon  and 
transmission,  however  the  severe  operational 
conditions  encountered  by  tactical  systems 
often  lead  to  new  performance  requirements 
on  fiber-optic  components.  A  tactical  system 
fiber  must  provide  a  reliable  signal  trans¬ 
mission  medium  that  meets  the  system  per¬ 
formance  requirements  on  both  optical 
transmission  capacity  and  mechanical  integrity 
under  all  specified  operational  conditions. 

Low  optical  transmission  loss,  low  signal 
dispersion  and  high  strength  are  the  common 
design  goal  for  optical  fibers.  A  tactical 
fiber  system  must  also  survive  extreme 
temperature,  excessive  vibration/shock,  rough 
handling,  severe  bending  and  nuclear  radiation 
exposure. 

Technical  challenges  often  arise  in 
developing  a  new  fiber  design  for  a  specific 
tactical  system,  which  require  fiber  parameter 
optimization  and  fabrication  process  control  to 
ensure  the  fiber  performance.  Table  1  summarizes 
the  relationship  between  the  performance  concerns 
of  tactical  system  fiber  and  the  key  fiber  design 
parameters.  This  paper  discusses  the  technical 
challenges  encountered  in  optical  fiber  design 
for  the  tactical  systms.  The  impact  of  optical 
waveguide  design  and  fabrication  on  fiber 
characteristics,  such  as  opcical  attenuation, 
dispersion,  and  mechanical  strength,  will  be 


reviewed.  The  emphasis  will  be  on  single  mode 
fiber  for  long  range  fiber  optic  tactical  system* 
that  include  battlefield  data  links,  sh-'.p-board/ 
aircraft  avionics,  and  a  new  class  of  tethered 
weapon  systems. 

II.  Opcical  Transmission  Loss 

The  opcical  loss  of  fiber  in  tactical  systems  is 
comprised  of  four  components,  namely,  intrinsic 
attenuation*  environment-induced  loss,  inter¬ 
connection  loss  and  bend  induced  loss.  The  first 
two  loss  components  depend  strongly  on  the  glass 
material  and  to  a  lesser  extent  on  the  optical 
waveguide  design  and  fabrication  process.  The 
last  two  loss  components  are  more  sensitive  to 
the  opcical  waveguide  design  and  the  physical 
handling  of  fiber  in  the  system.  The  mechanisms 
underlining  these  optical  losses  and  the  fiber 
design  for  loss  performance  optimization  will  be 
addressed  in  the  following  subsections. 

1 n c rlnsle  Attenuation 


Hie  advance  in  fiber  fabrication  techniques  and 
glass  material  processing  in  the  past  two  decades 
have  eliminated  most  of  material  related  intrinsic 
attenuation  problems  associated  with  transition 
metal  ions  Impurities  and  hydroxyl  (OH)  ions 
absorption.  It  is  known  chat  these  contaminants 
in  fiber  must  be  kept  below  one  part  per  billion 
(ppb)  level  to  ensure  a  less  than  0.)  db/km 
intrinsic  attenuation.  The  attenuation  of  the 
state-of-the-art  fiber  already  approaches  the 
intrinsic  Rayleigh  scattering  loss  limit  of  fused 
silica  over  800-1600  nm  wavelength  range.  The 
Rayleigh  scattering  loss  decreases  Inversely  with 
thu  fourth  power  of  optical  wavelength  while  its 
value  varies  slightly  with  the  actual  dopant 
material  in  fiber.  The  lowest  fiber  attenuation, 
of  0.15  db/km  observed  at  1550  na,  was  obtained 
with  a  silica  core  fiber  produced  by  a  vapor 
deposition  process  with  special  dehydration  pro¬ 
vision.  ^  The  attenuation  of  commercially  avail¬ 
able  fibers  arc  routinely  quoted  around  0.5  db/km 
and  0.3  db/km  at  1300  na  and  1550  nm  respectively. 
Technical  challenge  still  exists  in  developing 
long  length  fiber  for  long  range  tactical  systems, 
which  must  consider  glass  materials  and  fabrica¬ 
tion  processes  with  the  lowest  possible  intrinsic 
attenuation  without  disregarding  ocher  fiber 
performance  concerns. 
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PERFORMANCE  CONCERNS 


DESIGN  PARAMETERS 


OPTICAL  ATTENUATION 

-INTRINSIC  ATTENUATION 

GLASS  MATERIAL 

FABRICATION  PROCESS 

-  ENVIRONMENT-INDUCED  LOSS 
o  HYDROGEN-INDUCED  LOSS 
o  RADIATION  EFFECTS 

GLASS  MATERIAL 

COATING  DESIGN 

-  INTERCONNECTION  LOSS 

MODE  FIELD  DIAMETER 

FIBER  DIMENSION  TOLERANCE 

-BEND-INDUCED  LOSS 
o  MACROBEND  LOSS 
o  MICROBEND  LOSS 

MODE  FIELD  DIAMETER 
REFRACTIVE-INDEX  PROFILE 

FIBER  DIMENSIONS 

COATING  MATERIAL 

DISPERSION 

REFRACTIVE-INDEX  PROFILE 

GLASS  MATERIAL 

FIBER  STRENGTH 

FABRICATION  PROCESS 

GLASS  MATERIAL 

PROOF-TEST  AND  HANDLING 

COATING  DESIGN 

TABLE  1 

OPTICAL  FIBER  DESIGN  FOR  TACTICAL  FIBER  SYSTEMS 


>)  1300  run 


b)  1550  nm 


Figure  1  Constant  Curvature  Bend  Low 

This  figure  shows  the  constant  curvature  bend 
loss  or  step  index  fibers  zs  a  function  of  bend 
radius.  Fiber  design  is  the  parameter. 

The  bend  loss  is  calculated  in  dtriun. 
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Environment-Induced  toexes 

The  two  environment-induced  losses  critical  to 
the  fiber  Ion*  performance  In  taetlcal  systems 
are  hydrogen- induced  loss  and  radiation-induced 
lo»*.  Long  ten*  exposure  to  low  level  of 
hydrogen  gas  and  various  defects  inducing 
radiation  in  nature  can  result  in  an  accumulation 
of  optical  loss  that  can  significantly  isipact  the 
optical  power  budget  of  fiber  optic  datA  link 
(FOOL)  and  affect  the  long-tern  reliability  of 
tactical  systens.  In  contrast)  high  dose  rate 
tind  high  total  dose  of  defect  inducing  radiation 
in  nuclear  environment  can  cause  an  acute  fiber 
loss  increase  that  in  effect  blacks  out  the 
fiber  and  causes  instant  systen  failure.  Studies 
on  these  envlronncnt-lnduced  losses  are  still  in 
progress)  nevertheless  results  fro*  this  effort 
have  already  identified  Many  lots  Mechanisms  and 
fiber  design  alternatives. 

the  hydrogen-induced  loss  was  generally 
considered  as  an  aging  phenomenon  caused  by  the 
release  of  hydrogen  from  the  silicone  fibtr 
costing  and  cabling  structures,  the  two  basic 
loss  Mechanisms  are  the  permeation  of  hydrogen 
into  a  silica  glasses  network  that  introduces 
infrared  absorption  and  the  chemical  reaction 
between  hydrogen  molecules  and  reactive  defects 
in  silica  network  to  form  absorptive  hydroxyl 
(OH)  ions,  the  loss  depends  on  the  ambient 
temperature)  the  hydrogen's  partial  pressure, 
the  exposure  time  and  the  fiber  material. 

Beales  et  al.  had  reported  a  room  temperature 
loss  increase,  induced  by  hydrogen  molecular 
diffusion,  of  0.3  and  0.6  db/ka/etm-hydrogen 
at  1300  nm  and  1SS0  nm  respectively.2  tomlta 
and  Lemalrc  have  shown  that  the  hydrogen 
pressure  must  be  maintained  below  a  tolerable 
level  of  a  few  tenths  of  atm  to  limit  the 
hydrogen-induced  fiber  loss  below  0.1  db/km  for 
a  20  yer  system.2  Recent  development  on 
hermetic  fibers  have  shown  chat  a  tight 
dielectric  coating  on  glass  surface  can  suppress 
the  hydrogen  permeation  and  reduce  the  hydrogen- 
induced  loss.  However,  further  study  is  still 
needed  to  improve  the  understanding  on  hydrogen- 
induced  loss  mechanisms  associated  with  different 
glass  and  coating  materials  as  well  as  Its  effect 
on  long-term  fiber  loss. 

Radiation-induced  loss,  especially  the 
high  dose  race  and  high  total  dose  case,  repre¬ 
sents  a  genuine  threat  to  the  operation  of  many 
tactical  fiber  optics  systems.  Radiation-induced 
defects,  often  referred  as  color  centers,  in 
glass  network  can  absorb  optical  signal  in  fiber 
and  interrupt  F0DL  signal  transmission.  Hie 
loss  depends  on  a  large  number  of  variables  that 
Includes  the  fiber  design,  the  total  dose  and  the 
dose  race  of  radiation,  the  ambient  temperature 
and  Che  optical  signal  level  in  fiber.  Extensive 
works  based  on  cobalt  60  radiation  study  have 
shown  that  glass  material  play  an  important  role 
In  determining  the  loss  behaviors  on  both  initial 
loss  Increase  and  subsequent  recovery  after  the 
exposure.2  The  study  results  show  the  loss  is 
lower  at  longer  optical  wavelength  in  1300  nm  - 


1600  nm  range,  because  the  UV  absorption  by 
radiation-induced  defects  tends  to  tall  off  at 
long  wavelengcn.  Nagel  reported  the  radiation- 
induced  loss  of  germanium-doped  core  single  mode 
fiber  at  1300  nm  exhibits  a  linear  dependence  on 
exposure  time  at  low  dose  race  environment  of 
2.3  rad/hr.  But  the  loss  will  exceed  1  db/m  and 
saturate  in  value  at  the  high  tctal  does  (Mrad) 
and  dose  rate  (100  Krad/hr)  extreme.6  The 
recovery  of  fiber  loss  can  be  accelerated  by  high 
ambient  temperature  or  by  high  intensity  optical 
power,  known  as  "photobleachlng"  effect.  In 
practice,  the  radiation-induced  loss  can  be 
reduced  by  avoiding  phosphorous-doped  fiber  design 
and  operating  a  FOOL  at  longer  wavelength  of  1530 
nm  instead  of  1300  nm.  The  best  radiation 
hardened  fiber  reported  today  uses  pure  silica 
core  with  fluorine-doped  cladding  fiber  design.2 
The  technical  challenge  here  is  to  use  rad-harden 
glass  material  to  develop  a  fiber  design  thau 
meets  other  tactical  system  performance  require¬ 
ments. 

Interconnection  toss 

Interconnection  loss  In  a  FOOL  includes  connector 
loss,  splicing  loss  and  coupling  loss  to  optical 
source  and  photodetector.  These  lossee  all 
depend  on  the  fiber  alignment  at  the  inter¬ 
connection  and  to  a  lesser  extent  on  the  light 
guiding  capacity  of  fiber.  The  alignment 
tolerance  of  multimode  fiber  interconnections  can 
be  relaxed  by  using  fibers  with  larger  cor*  six* 
and  core-cladding  refractive  index  difference  at 
the  expense  of  higher  dispersion.  In  the  case 
of  single  mode  fiber,  the  fiber  alignment  demands 
sub-micron  accuracy  for  low  loss  interconnections. 
The  tolerance  can  be  relaxed  by  designing  fiber 
with  lerg*  mod*  field  diameter  (MFD) Unfor¬ 
tunately,  a  large  MFD  fiber  often  incurs  serious 
bend  loss  problem  in  operation.  The  technical 
challenge  here  is  to  design  fiber  with  sufficient 
bend  loss  resistance  without  imposing  undue 
constraint  on  alignment  tolerance  at  the  inter¬ 
connections. 

Bend-Induced  Loss 

An  optical  fiber  also  experiences  many  bend 
related  losses  which  include  cabling  loss,  bobbin 
winding  losses,  deployment  and  payout  bend  loss. 
These  bend  losses  can  change,  and  sometimes 
dominate  the  optical  power  budget  of  F0DL  in 
system  d  ,sign.  Many  commercial  fibers  have 
proven  ..o  be  inadequate  for  tactical  applications 
due  to  bend  related  losses  introduced  by  severe 
operation  environments.  One  of  the  prominent 
examples  Is  a  tethered  F0DL  with  fiber  deployed 
from  a  tightly  packed  bobbin  at  high  speed  where 
the  winding  loss  and  Che  payout  bend  loss  often 
represents  the  dominant  losses  in  optical  power 
budget  consideration. 

The  bend-induced  fiber  loss  can  be  divided 
into  two  categories  based  upon  the  bend  profile: 
macrobend  and  mlcrobend.  Macrobends  generally 
refer  to  a  physical  bend  with  a  bend  radius  in 
thousands  of  wavelengths,  such  as  mandrel  winding 
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and  peel-point  band  In  payout.  On  th«  othar  hand, 
microbends  refers  to  tha  microscopic  randoia 
daviatlon  of  fibar  axis  from  ita  natural  straight 
condition  as  a  rasult  o £  cabling,  winding  and 
anvlronaiantal  changes.  In  reality,  it  is  often 
difficult  to  separata  these  two  bend  loss  types. 

The  study  on  the  macrobend  loss  of  single 
mode  fiber  wit,*,  constant  bend  curvature  has  shown 
the  band  loss  Increases  approximately  exponen¬ 
tially  with  the  decrease  of  the  band  radius  X. 
Figure  l  shows  a  family  of  bend  loss  curves, 
calculated  by  using  a  formula  given  in  Xef.  (8), 
expressed  in  db  per  unit  length  against  the  bend 
radius  X  with  fiber  normalised  frequency  V  as 
the  parameter.  For  a  step-index  fiber, 

V  «  2eA(n*  -  n’j)5/a  (1) 

Tha  V  value  relates  directly  te  the  wave- 
guiding  capability  of  fiber  which  combines  all 
fiber  design  quantities  Including:  optical 
wavelength  1,  the  fiber  core  radius  a,  the 
refractive  index  of  core  and  cladding  nj  and  nj 
respectively.  A  step-index  single  mode  fiber 
maintains  V  <  2. AOS  according  to  the  waveguide 
theory.  Figure  1  also  shows  that  fiber  design 
with  larger  V  value  has  lower  bend  loss.  Figure  2 
shows  the  calculated  bend  loss  against  the  optical 
wavelength  with  different  fiber  design  and  loop 
radius  as  parameters.  It  shows  that  the  bend 
loss  Increases  with  Increasing  optical  wavelength 
and  decreasing  bend  radius.  This  is  consistent 
with  the  measured  spectral  loss  curves  shown  in 
Figure  3. 

When  a  fiber  is  paid  outat  high  speeds 
from  a  precision  wound  oobbln,  the  fiber  forms 
a  Stirling  helix  after  lifting  from  the  peel 
point.  It  is  known  that  the  sharp  peel  point 
bend,  caused  by  a  concentrated  force  used  to  rup¬ 
ture  the  winding  adhesive  in  payout,  is  a  non- 
uniform  bend  curve  that  can  Inflict  severe  bending 
stress  and  optical  signal  loss  to  risk  the  FOOL 
reliability.  A  bend  loss  analysis,  which  is 
carried  out  by  integrating  the  constant  curvature 
bend  loss  in  increment  along  the  bend  curve 
generated  by  a  separated  mechanical  model,  shows 
the  loss  increases  exponentially  around  the  peel- 
point  and  approaches  its  final  value  1  to  2  ma 
from  the  peel-point.  The  calculated  bend  loss, 
expressed  in  terms  of  the  cumulative  bend  loss 
along  the  bend  curve,  are  shown  in  Figure  A  with 
fiber  V-value  as  the  parameter.  The  cumulative 
bend  loss  again  critically  depend  on  the  fiber 
V-value  similar  to  the  case  of  constant  curvature 
bend  loss. 

Study  on  microband  loss  conducted  with 
fiber  cables  und  precision  wound  fiber  bobbins 
shows  that  the  loss  depends  on  a  large  number  of 
variables  that  Include  the  fiber  and  citing 
design,  the  cabling  and  winding  conditions,  the 
deployment  environment,  and  the  ambient  environ¬ 
ment.  '  The  effect  of  fiber  design  on  microbend 
loss  has  been  the  subject  of  many  theoretical 
studies.  A  rigorous  treatment,  which  is  rather 
complicated,  considers  the  loss  in  terms  of  the 


coupling  between  the  guided  and  radiation  modes 
of  fiber.  I'etermann  and  Kuhnc  have  derived  a 
simple  loss  formula  which  connects  the  loss 
directly  to  the  MFD  of  single  mode  fiber.  The 
loss  Increases  approximately  with  the  2(pH)th 
power  of  the  fiber  MFD  and  p  Is  the  curvature 
power  spectrum  parameter  of  the  microbend  with  n 
value  In  the  order  of  A  or  larger.10  Besides  a 
small  MFD  fiber  design,  a  fiber  embedded  In  a 
soft  coating  can  prevent  high  spatial  frequency 
deformations  In  fiber  and  thereby  provide  a 
better  microbend  loss  protection  In  cabling  and 
in  operation  environment.  A  dual  coating  design, 
whleh  Is  comprised  of  a  low  module  (soft)  primary 
inner  coating  and  a  high  module  (hard)  outer 
coating,  has  been  widely  used  by  fiber  manu¬ 
facturers  as  a  practical  design  for  controlling 
the  fiber  microbend  loss  t,nd  providing  toughness 
for  fiber  handling. 

A  strong  mode  field  confinement,  which  means 
a  small  MFD  and  operates  the  data  link  at  a  wave¬ 
length  closest  to  the  fiber  cut-off  wavelength, 
can  reduce  both  the  macrobend  and  microbend  losses 
of  single  mode  fiber.  This  leads  to  a  fiber 
design  with  a  large  core-cladding  index  difference 
and  a  fiber  V-value  close  to  Its  single  mode 
cutoff  value,  e.g.,  2. AOS  for  step-index  fiber 
and  a  higher  value  for  non-ur.lform  Index  profile 
fiber.  However,  there  Is  «  \  ractlcal  limit  on 
the  amount  of  core-cladding  lo.dex  difference 
based  on  the  glass  materials  used  In  fiber  design. 
The  Increase  also  leads  to  the  Increase  of  the 
Rayleigh  scattering  loss  and  there* .  Increase  the 
fiber  Intrinsic  attenuatin.  A  bend  loss  study 
on  a  small  MFD  bend  Insensitive  single  mode  fibers 
clearly  Illustrated  the  lnter-depcndence  of  bend 
loss  vs.  Intrinsic  loss.11  In  addition,  the 
increase  of  core-cladding  Index  difference 
reduces  the  fiber  core  slxe  of  single  mode  fiber 
and  its  MFD.  This  will  tighten  the  alignment 
tolerance  and  Increase  connection  loss  at  the 
Interconnections.  The  technical  challenge  here 
Is  to  design  a  fiber  with  sufficient  bend  loss 
resistance  without  disregarding  fiber  Intrinsic 
attenuation  and  Interconnection  loss. 

ill.  Dispersion 

Dispersion  introduces  temporal  broadening  on 
optical  pulses  transmitted  through  an  optical 
fiber.  It  will  Impair  che  Integrity  of  the 
optical  signal  and  cause  transmission  error  at 
the  optical  receiver  of  FODL.  Intermodal  dis¬ 
persion  due  co  che  difference  of  propagation 
time  delay  ,;song  different  waveguide  modes  is  che 
dominant  dispersion  In  multimode  fibers.  Such 
dispersion  can  be  reduced  by  modifying  che 
refractive  Index  profile  of  fiber  core  co  minimise 
the  time  delay  difference  of  guiding  modes.  A 
graded-lndex  fiber  wich  a  parabolic  index  profile 
is  known  co  Improve  the  dispersion  performance 
over  a  step-index  fiber  with  che  same  core¬ 
cladding  and  core  size  by  several  orders  of 
magnitudes.  The  improvement  Increases  wich  Che 
decrease  of  actual  corc-cladding  index  difference. 

For  Che  case  of  single  mode  fiber,  the 
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Fig.  3  Spectral  Insertion  Loss  of  Kour.d  Fiber 

"Otis  figure  shows  spectral  insertion  loss 
of  DSF  fiber  subjected  to  90-dogreo  bends 
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loweet-order  propagation  nod*  acill  experiences 
finite  intranodel  dispersion  due  to  the  trans¬ 
mission  tin*  delay  difference  anong  eh*  spectral 
conponenta  of  its  optical  source.  This  dis¬ 
persion  can  be  loosely  divided  into  two 
elenencs:  the  material  or  chronatic  dispersion 
and  the  waveguide  dispersion.  The  former  depends 
on  the  glass  Material  while  the  latter  depends 
on  the  refractive  index  profile  of  fiber.  The 
wavelength  dependence  of  these  two  dispersion 
elements  are  known  to  be  opposite  in  effect  in 
the  wavelength  rang*  of  1300-1600  n».  The  *ero- 
dlaperalon  wavelength  of  step-index  silica 
fiber  occurs  around  1310  run.  by  selecting 
a  refractive  index  profile  to  offset  the  two 
dispersion  elements,  one  can  design  an  optical 
fiber  with  zero  total  dispersion  at  any  given 
wavelength  in  1300-1600  nm  range.12  For  a  long 
range  tactical  system  fiber.  It  is  desirable  to 
shift  the  xero-dlspereion  wavelength  of  single 
mode  fiber  Into  the  1550  nm  window  for  both  low 
loss  and  low  dispersion.  Such  dispersion-shifted 
fibers  can  be  realised  in  several  different  Index 
profiles.12  For  a  wavelength  division  multi¬ 
plexing  F0DL  that  requires  both  1300  nm  and 
1550  nm  in  transmission,  a  fiber  with  low 
dispersion  at  both  wavelengths  is  necessary. 

The  index  profile  of  fiber  can  also  be  modified 
to  minimise  the  dispersion  at  both  wavelengths 
and  yields  a  dispersion  fluttened  fiber.1'*  it 
is  known  that  the  index  profile  design  for  the 
dispersion-shifted  fiber  .ms!  the  dispersion- 
flattened  fiber  often  adversely  at  feet  the  bend 
loss  and  the  intrinsic  attenuation  of  the  fibers. 
Design  tradeoff  on  the  exact  Index  profile  for 
various  fiber  pe/fonaances  is  imperative  for 
the  tactical  system  fibers. 

IV.  Fiber  Strength 

Many  tactical  system  fibers  must  withstand 
high  bend  stress  or  tensile  load,  sometimes, 
over  several  hundred  thousand  pounds  per  square 
Inch  (kpsl),  under  severe  operation  environment. 
The  technical  challenge  is  to  develop  a  fiber 
with  sufficient  strength  to  provide  a  reliable 
signal  transmission  over  the  entire  system  life. 
The  strength  of  optical  fiber  is  dictated  by 
the  microscopic  flows  In  glass  with  the  breaking 
stress  Inversely  proportional  to  the  flaw  slse. 

The  flaw  sise  grows  under  influence  of  stress, 
time  and  ambient  environment.  A  Wcilbull  analysis 
reported  by  Krause  et  al.  shows  chat  the  cumula¬ 
tive  failure  probability  of  fiber  is  dominated 
by  che  presence  of  extrinsic  flown.12  The 
elimination  of  extrinsic  flows  such  as  drawing 
defects  is  imperative  to  the  long  range  tactical 
system  fibers. 

The  initial  strengtli  of  fiber  depends 
mainly  on  the  fiber  fabrication  process  control 
and  the  surface  quality  of  the  starting  silica 
tube  used  in  the  case  of  the  inside  chemical 
vapor  deposition  (CVD)  process.  Clean  heat 
source  and  drawing  environment  are  essential 
to  eliminate  draw-induced  flaws  and  to  achieve 
high  initial  strength.  Fiber  manufacturers  can 
use  a  proof-test  process,  which  applies  a  short 


duration  (<1  second)  loading  on  a  fiber  at  a 
specified  stress  level,  to  screen  out  the  weak 
spots  due  to  extrinsic  flaws  and  to  ensure  a 
minimum  working  strength.  In  practice,  it  has 
been  established  that  high  humidity,  high 
temperature  and  certain  chemical  agents,  such  as 
water  And  methanol,  are  all  detrimental  to  the 
preservation  of  fiber  strength  in  operation.  A 
hermetic  coating  on  glass  surface  has  been  shown 
as  an  effective  means  for  improving  the  fiber 
fatigue  resistance  by  preventing  moisture  from 
reaching  and  attacking  che  silica  surface  of 
fiber.  Technical  challenges  remain  In  the  areas 
of  fabrication  process  control  for  long  length 
high  strength  fiber  production  and  understanding 
of  flaw  creation  and  growch  process. 

V.  Conclusions 

The  breakthroughs  in  fiber  design  and  fabrication 
techniques  in  die  past  two  decades  have  greatly 
Improved  die  performance  of  optical  flburs. 

Fibers  with  intrinsic  attenuation  approaching  the 
Rayleigh  scattering  loss  limit  and  xero  total 
dispersion  at  a  specified  wavelengdi  have  been 
reported.  Significant  improvements  on  the 
environment-induced  loss,  the  bend-induced  loss 
and  the  strength  of  fiber  have  also  been  achieved 
through  an  Intense  effort  on  researching  their 
physical  mechanisms  and  developing  engineering 
solutions.  It  was  found  that  the  fiber  design 
optimisation  for  various  performance  concerns 
often  lends  to  conflicting  fiber  design  require¬ 
ments.  This  presents  an  acute  problem  In  tactical 
system  fiber  design  where  the  fiber  must  survive 
severe  operation  environment.  Careful  design 
tradeoffs  on  glass  material,  refractive  index 
profile,  fiber  dimensions  and  coating  material, 
for  a  balanced  fiber  performance,  are  imperative 
to  the  development  of  tactical  system  fiber.  In 
practice,  the  fiber  must  be  thoroughly  tested  and 
meet  each  tactical  system  requirement  in  order 
to  ensure  its  performance  and  reliability. 
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ABSTRACT 

Optimization  of  tngle  mode  fiber*  for  phase 
modulated  interferometric  tensors  is  considered 
for  underwater  acoustic  detection.  The  fiber  glass 
mutt  be  hermetically  sealed  for  long  term 
protection  and  polymers  compatible  with  water 
should  be  used  as  fiber  coatings.  Good  bonding 
between  the  fiber  layers  is  also  necessary  for 
effectively  transferring  the  strains  from  the  outer 
coating  to  the  fiber  glass.  Oplimixation  geometry 
of  the  fibers  it  presented  and  appropriate  polymer 
coating  selection  it  given.  An  example  of  an 
underwater  acoustic  sensor  it  studied. 


I.  Introduction 

Phase  modulation  of  light  in  single  mode 
fibers  has  been  successfully  utilized  for  detecting 
acoustic  fields/*.  J)  In  these  sensors,  the  fiber 
coatings  play  a  very  important  role  in  determining 
the  fiber  acoustic  sensitivity/*)  So  far,  the 
emphasis  has  been  directed  towards  the 
development  of  sensors  for  linear  arrays  where 
the  fiber  is  immersed  in  organic  fluids.  Most  or 
the  commercial  polymers  used  as  fiber  coatings, 
(such  as  U.V.  curable,  nylon,  and  Hytrcl)  are 
compatible  with  those  fluids.  In  general, 
however,  these  polymers  arc  not  compatible  with 
water.  This  present*  a  major  limitation  since  for 
many  applications  the  sensor  would  be  immersed 
in  water. 

A  systematic  study  has  been  carried  out  to 
optimize  single  mode  fibers  for  phase  modulated 
interferometric  sensors  for  underwater  acoustic 
detection.  The  fiber  glass  must  be  hermetically 
sealed  for  long  term  protection  and  polymers 
compatible  with  water  should  be  used  as  fiber 
coatings.  Tight  bonding  between  the  fiber  layers 
must  be  maintained  for  effectively  transfering  the 
strains  generated  by  the  extcrnel  field  from  the 
outer  coating  to  the  fiber  glass.  In  this  article, 
approaches  for  optimizing  the  composition  and 
geometry  of  the  fibers  is  presented  i.d 
appropriate  polymer  coating  selection  is 
discussed.  An  example  is  also  given  of  an 


underwater  acoustic  sensor. 

H.  Acamtic  Sensitivity  of  Fibers 

A  typical  Mach-Zhcnder  interferometric 
sensor  for  detecting  phase  modulation  in  single 
mode  fibers  is  shown  schematically  in  Figure  1. 
Any  phase  modulation  in  the  sensing  fiber  can  be 
detected  by  comparing  the  phases  in  the  sensing 
and  reference  fibers.  Fiber  couplers  are  used  to 
split  and  recombine  the  light  beams.  The 
pressure  sensitivity  of  the  optical  phase  in  a  fiber 
is  defined  as  a+/+aP  where  As  >*  the  shift,  in  the 
pltBse  s  due  to  a  pressure  change  aP.  If  the  given 
pressure  change  AS  results  in  a  fiber  core  axial 
strain  «»  and  radial  strain  «„  then  it  can  be 
shown  that  «> 

~*«**^1(Pii+Pu  5,  +  Piie*]  (j) 

Here  P  u  and  P  uare  the  elastooplic  coefficients  of 
the  core  and  n  is  its  refractive  index.  The  first 
term  in  (1)  is  the  part  of  Af'saP  which  is  due  to  the 
fiber  length  change,  while  the  second  and  third 
terms  are  due  to  the  refractive  index  modulation 
of  the  core,  which  is  related  to  the  photocinstic 
effect14). 

In  order  to  calculate  the  sensitivity  as  given 
in  Equation  (I),  the  strains  in  the  core  exand  cr 
must  be  related  to  the  properties  of  the  fiber  layers. 
The  strains  in  a  given  layer  are  related  to  the 
stresses  through  the  clastic  moduli  of  thnt  layer*3) 
while  the  displacements  are  expressed  in  terms  of 
the  strains.  The  constants  involved  in  these 
calculations  arc  found  from  the  appropriate 
boundary  conditions.  Having  calculated  the 
various  constants,  the  strains  in  the  core  are 
determined  and  the  sensitivity  is  calculated  using 
Equation  (1)**). 

In  general,  the  acoustic  sensitivity  is  a  very 
strong  function  of  the  elastic  moduli  of  the  outer 
hard  polymeric  coating  of  the  fiber.  High 
sensitivity  can  be  achieved  with  coatings  of  low 
bulk  modulus  and  high  Young's  modulus 
materials.  This  can  bo  understood  from  the  next 
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two  figures.  Fig,  2  show*  th«  acoustic  sensitivity 
of  it  fiber  M  a  function  of  coating  thickness  for 
different  coating  Young'*  moduli.  All  other 
parameter!)  of  the  fiber  were  kept  constant.  A* 
can  be  *een  from  thi*  figure,  for  thick  coatings  the 
sensitivity  is  determined  by  the  bulk  modulus 
which  governs  the  fiber  dimensional  change.  For 
typical  fibers,  however,  both  the  bulk  modulus  and 
the  Young's  modulus  are  important.  As  can  be 
seen  from  Fig.  3,  high  sensitivity  requires  low 
bulk  modulus  and  high  Young's  modulus 
coatings.  In  this  case,  the  bulk  modulus 
determines  the  "maximum''  liber  dimensional 
changes,  while  the  Young's  modulus  governs  the 
fraction  of  these  changes,  or  strains,  which  can 
couple  to  the  fiber  core.  A  close  examination  of  Eq. 
(1)  reveals  that  the  axial  strain  controls  the 
acoustic  sensitivity,  as  can  be  seen  from  Fig.  4.  In 
this  figure,  the  sensitivity  and  its  contributing 
terms  (Eq.  1)  are  plotted  as  a  function  of  the  radius 
of  a  typical  single-mode  fiber.  As  can  be  seen  from 
Fig.  4,  the  major  contribution  comes  from  * ' 
which  is  the  direct  fiber  length  modulation  term 
(first  term  in  Eq.  1)  A  typical  optical  fiber  consists 
of  a  core,  a  cladding,  and  a  substrate  fabricated 
from  glasses  having  similar  properties. 
Typically,  this  glass  waveguide  is  first  coated  with 
an  inner  soft  elastomer  and  then  with  an  outer 
plastic,  or  metal  jacket  to  preserve  the  fiber 
strength,  If  the  bonding  between  fiber  layers  is 
not  good  the  axial  strain  cannot  be  transferred  to 
the  glass,  significantly  reducing  the  fiber 
sensitivity  (Fig.  4). 

III.  Polymers  Compatible  With  Water 

For  underwater  sensing  all  the  fiber  coatings 
should  be  materials  compatible  with  water.  We 
have  studied  the  compatibility  of  many 
commercially  available  polymers  (a  detailed 
description  of  these  polymers  is  given  in  Reference 
S)  with  water.  The  study  has  indicated  that 
Teflons,  polyethylene,  polypropylene,  polystyrene, 
rexolite,  polysulfone,  and  Nory)  have  excellent 
water  resistance  with  very  good  dimensional 
stability.  Nylon  has  a  rather  poor  dimensional 
stability  while  Hytrcl  6346  splits  into  large  pieces 
after  6.5  months  in  water  (at  75°C).  As  for 
polyurethanes,  some  have  good  water  resistance 
and  some  very  poor.  Therefore,  for  underwater 
sensing,  a  careful  fiber  coating  selection  must  be 
nude  for  long  term  stability. 

IV.  Planar  Underwater  Fiber  Optic  Sensing 

An  example  of  an  underwater,  flexible, 
planar,  fiber  optic  sensor  is  given  in  this 
section!*).  The  planar  fiber-optic  sensor  was 
fabricated  by  first  forming  a  planar  fiber  spiral  in 
which  adjacent  fiber  loops  were  physically 
touching.  The  basic  fiber  used  was  a  high- 
numerical-aperture  (0.17)  single-mode  fiber  with 
an  80-pm  outside  diameter  and  a  100-pm  buffer 
jacket  of  silicone.  The  34-m-long  sensing  fiber  had 


an  additional  350-pm  coating  of  polyester  (Hytrcl 
7246),  making  its  total  diameter  1  mm.  This  fiber 
spiral  was  then  embedded  in  the  center  of  a 
polyurethane  layer,  the  overall  site  of  which  was 
30  cm  X  30  cm  X  6  mm.  The  acoustic  sensitivity  of 
the  planar  fiber-optic  sensor  was  studied  in  the 
frequency  range  of  250-2500  Hx  utilizing  an 
available  low-frequency  pool  facility.  The  flexible 
sensor  was  weakly  attached  to  a  3-mm-thick  A1 
plate  using  double-sided  tape  and  then  immersed 
in  the  9-m-diameter,  6-m-dcep  acoustic 
measurement  pool.  Fig.  5  shows  the  measured 
acoustic  response.  (This  response  was  found  to  be 
stable  for  an  immersion  time  longer  than  a 
month.)  As  can  be  seen,  the  sensitivity  is 
frequency  independent  over  the  band,  and  the 
relative  optical  phase  shift  per  unit  of  applied 
acoustic  pressure  is 

-  8.6  x  10"/(dyn/cm5) 

■  -32ldBrc-i-- 


This  sensitivity  appears  to  be  the  largest  reported 
to  date  for  fiber  acoustic  sensors.  The  extra 
sensitivity  is  provided  bv  the  polyurethane 
encapsulant,  as  is  explained  below.  In 
calculating  the  sensitivity  (solid  line  in  Fig.  5)  an 
approximate  model  has  been  used  in  which  the 
polyurethane  layer  was  taken  to  be  an  additional 
fiber  coating!*).  Fig.  6  shows  the  calculated  fiber 
sensitivity  as  various  laye.a  are  added  to  the  fiber. 
As  can  be  seen  from  this  Figure,  for  a  fiber  radius 
less  than  80pm  (glass  only)  the  sensitivity  is  very- 
low  clue  to  the  high  bulk  modulus  of  the  glass!*). 
When  the  silicone  coating  is  added  (up  to  110pm 
radius)  the  sensitivity  increases  slightly  due  to  the 
very  low  Young's  modulus  of  the  silicone!*),  As 
the  polyester  (Hytrel)  starts  building  up,  however, 
the  sensitivity  of  the  fiber  increases  very  rapidly 
due  to  the  low  bulk  and  high  Young's  moduli  of 
the  polyester.  The  sensitivity  increases  even 
further  when  the  polyurethane  (Urnlite  3140) 
coating  is  added  due  to  its  low  bulk  modulus 
(lower  than  that  of  polyester)  and  its  relatively 
large  thickness. 

V.  Conclusions 

Single  mode  optical  fibers  have  been 
considered  for  underwater  phase  modulated 
interferometric  sensing.  The  fiber  glass  must  be 
hermetically  sealed  for  long  term  prelection. 
Good  bonding  between  the  fiber  layers  is  also 
necessary  for  effectively  transferring  the  strains 
generated  by  the  external  field  from  the  outer 
coating  to  the  glass.  The  fiber  coalings  must  be 
compatible  with  water.  Teflons,  polyelhylcnes, 
polypropylene*,  polystyrenes,  rexolite,  and 
polysulfone  have  excellent  water  resistance  and, 
therefore,  can  be  used  as  fiber  coatings  for 
underwater  sensing.  Finally,  an  example  of  an 
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underwater  fiber  optic  censor  wbs  given,  Tha 
•oncor  ic  flexible,  planar  and  has  shown  very 
promising  performance. 


tUftrtnoii 

1.  J.A.  Bucaro,  H.  P.  Dardy,  It  E.  F.  Carome,  J. 
Acoust  Soc,  Am.  £2.1302  (1977). 

2.  J.A.  Bucaro,  N.  Lagakoc,  J.H.  Cole,  and  T.G. 
Giallorenxi,  Physical  Acoustics  (Academic, 
New  York,  1962),  Vol.  16,  p.  385. 

3.  N.  Lagakos,  E.  Schnauc,  J.  Cole,  J. 
Jaraynsxi,  and  J.  Bucaro,  IEEE  J.  Quantum; 
Electron.  QE-18, 683  (1962). 

4.  B.  Budianaky,  D.C.  Drucker,  G.S.  Kino,  and 
J.R.  Rice,  Appl.  Opt  18, 4085  (1979). 

5.  N.  Lagakoc,  J.  Jarzyncki,  J.H.  Cole,  and  J.A. 
Bucaro,  J.  Appl  Phyc.  59, 4017  (1986). 

6.  N.  Lagakoc,  P.  Ehrenfeuchter,  T.R. 
Hickman,  A.  Tvetcn,  and  J.A.  Bucaro,  Opt 
Lett  13,  p.788, 1988. 


DCTfCTON 

A 


LtOHT 

souacc 

* 


|tIAO  ICAoj 


MKMNCC 


SENSING 


Fig.  1  Fiber  Optic  Interferometric  (Mach* 
Zehndcr)  Sensor 


Fig.  2  Calculated  Acoustic  Sensitivity  vs  Fiber 
Out  Diameter  for  Different  Young's 
Moduli  of  the  Outer  Coating. 

(bulk  modulus:  4  X  1010  dyn/cmJ) 


Fig.  3  Calculated  Acoustic  Scnstivity  vs  Bulk  and 
Young's  Moduli  of  the  Fiber  Outer 
Coating 
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Fig.  4  Calculated  Low-Frequency  Acoustic 
Sensitivity  of  a  Fiber  vs  Fiber  Radius,  ej 
Shows  the  Phase  Change  due  to  the 
Length  Change;  cfand  efShow  the 
Refractive  Index  Modulation  Term 
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Fig.  5  Acoustic  Response  of  the  Planar  Fiber 
Sensor 


Fig.  6  Calculated  Acoustic  Sensitivity  of  a  Fiber 
vs  Fiber  Radius. 
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Aba  tract 

The  U.S.  Navy'*  Surface  Shipbuilding  Program  set  the  stan¬ 
dard  for  developing  requirement*  for  low-smoke,  fire- 
retardant  multiconductor  cable*  and  extended  these  require¬ 
ment*  to  llexible  HK  cables.  In  re*|K>n*e  to  General  Electric'* 
direction  to  try  and  replace  PVC  jacketed  cable  from  surface 
vessels,  an  analysis  was  undertaken  in  1986  to  define  a  set  of 
requirements  for  those  cable  tyj>e*  not  tising  low-smoke, 
dame-retardant  materials.  Approximately  23f*  of  comlwt  xys¬ 
ter.  cables  used  per  ship  were  found  to  l>e  llexible  HK  tyi>ex, 
which  would  have  to  !>e  replaced.  A  general  specification  was 
developed  that  defined  the  Imsic  and  overall  requirement*  for 
RF  cable  constructions.  The  major  obstacle  to  hurdle  was  that 
of  passing  the  IEEE-383  llame  propagation  test.  Following 
engineering  analysis,  material*  were  used  to  create  a  suitable 
cable  construction  capable  of  passing  the  flame  test  and 
satisfying  the  physical  and  electrical  requirement*  needed  for 
a  shipitoard  installation.  To  date,  seven  cable  constructions 
have  been  tester!  and  qualified  to  the  drawings  and  are 
planned  for  shiplmard  installation  . 

Introduction 

In  1981,  the  US  Navy  Shipbuilding  Program  Office  initiated 
work  for  replacement  of  multiconductor  PVC-jacketed  cables 
with  Low  Smoke/Low  Toxicity  (LS/LT)  jacketed  cables. 
These  cables  were  designed  to  Ire  lighter  in  weight,  have 
LS/LT  characteristics  and  inhibit  the  propagation  of  flame. 
The  first  Advanced  Marine  Cables  were  procured  to  NAVSBA 
PMS  400-881,  the  predecessor  to  MIL-C-24G40,  and  installed 
on  the  CG  49  (Ticonderoga-class  ship)  and  subsequent  ships 
of  the  class.  In  1985,  the  Navy  officially  directed  the  imple¬ 
mentation  of  Advanced  Marine  Cable  and  other  LS/LT  mul¬ 
ticonductor  cable  by  superseding  MIL-C-915  cables  with  MIL- 
C-24640  and  MIL-C-24G43  cables.  No  RF  cables  were 
nddressed  at  this  time.  GE-GLSD  (formerly  RCA  Corjtora- 
tion)  received  authorization  from  the  Navy  which  provided  for 
the  development  of  procurement  si>ecificntions  and  drawings 
for  interconnecting  cables  having  LS/LT  properties  that  were 
not  specified  in  the  newer  multiconductor  cable  specifications. 
Digital  processing  equipment  required  increased  use  of  flexible 
RF  cables.  Therefore  the  goal  was  to  replace  M1L-C-17  ty[>e 
cables  with  similar  cables  having  LS/LT  characteristics  and 
enhanced  shielding  capabilities. 

The  first  cable  designed  and  developed  by  Brand-Rex  Cable 
Systems  was  the  one  required  for  compatibility  with  the 


7fi-ohm  Navy  Tactical  Data  System  tyj>e  "D"  interfaces  |>er 
MIL-STD-I397.  This  cable  was  originally  specified  in  MIL- 
C-17  lRG-12),  RCA  (at  the  time)  generated  NAVSBA  Drawing 
632249.1.  which  replaced  RG-12.  This  NAVSBA  drawing  *|>ee- 
Hied  a  triaxial  cable  having  enhanced  shielding,  a  more  rugge- 
dim!  jacket,  and  incor|>orating  materials  that  either  met  or 
exceeded  the  llame  and  LS/LT  requirement*  of  MIL-C-24640. 
Following  a  successful  development,  other  cable  type*  were 
selected  for  replacement.  These  included,  but  were  not  limited 
to,  RG-213,  RG-214,  RO-216,  RG-108,  RG-59  and  50  ohm 
triaxial  (MI7/134  and  /135)  constructions.  Examples  of  the 
new  replacement  cables  (three  different  constructions)  are 
shown  in  Figure  1. 


(a)  Double  Optimized  Shielded  50  Ohm  Coaxial  Cable, 
Foamed  PE  Core,  19-Strand  AWG  12  Center  Conductor 


(b)  Single  Optimized  Braid  Shield,  78  Ohm  Twinaxial 
Cable,  Foamed  PE  Core,  19-Strand  AWG  20  Conductors 


(c)  Single  Optimized  Braid  Shield,  50  Ohm  Triaxial  Cable, 
Foamed  PE  Core,  19-Strand  AWG  20  Center  Conductor 


Figure  1.  Sample  Constructions  Qualified  to  NAVSEA 
Drawing  Number  6323050  Requirements 
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Specification  Djmtlojpment 

GE-GESD  created  procurement  documentation  that  defined 
the  criteria  for  these  to  RF  cable*.  Common  (general)  require¬ 
ment*  are  reridenl  In  a  general  (specification  and  individual 
and  unique  requirement*  were  aeparatvd  into  aatellite  (pro¬ 
curement)  drawing*.  These  procurement  drawing*  cron*- 
reference  the  general  (specification  requirement*  applicable  to 
a  particular  construction. 

The  general  requirement*  *i>ccific*tion,  NAVSEA  Drawing 
8323050,  aeemed  to  be  baaed  upon  much  of  the  information 
apecitied  in  MII.-C-17,  MII.-C-24640  and  MII.-C-24G43.  New 
teat*  were  not  develoiwd.  Thoae  teat*  apecified  in  the  alwve 
apecificat ion*  were  uaerl  to  the  maximum  extent.  A  high  degree 
of  confidence  wa*  required  to  be  achieved  prior  to  cable 
delivery  *o  ayatem  level  performance  parameter*  would  not  lie 
degraded. 

Program  Diacuaaloa 

Achievement* 

The  program  wa*  divided  into  fotir  diatincl  level*  of  effort  that 
bel|>ed  Hrand-Rex  Cable  System*  Diviaion  focu*  on  success- 
fully  developing  cable*  aiqierior  to  thoae  currently  available  in 
the  induatry.  Theae  four  olijectivea  were: 

1.  Retardation  of  flame  propagation. 

2.  Cable  abraaion  reaiatance. 

3.  Optimum  ahielding  eirectiveneaa. 

4.  Enhanced  electrical  jierforinance. 

Flame  Propagation;  A  flame  propagation  teat  (IEEE-383) 
wn*  invoked  to  qualify  each  cable  conxtruction.  The  IEEE-383 
teal  was  set  up  and  completed  in  a  relatively  ahort  |ieriod  of 
time  and  yielded  reproducible  result*.  S|iecificatly,  the  goal 
wa*  to  minimize  heat  buildup  in  the  cable  so  it  would  not  lie 
consumed  by  the  fire.  Result*  of  the  development  provided  GE 
mul  the  Navy  with  qualified  cables  that  would  not  projiognte  a 
vertical  flame.  This  characteristic  would  help  confine  a  fire 
within  a  compartment  and  provide  more  time  for  a  damage 
control  team  to  arrive  at  the  scene  and  fight  the  fire. 

Abrasion  Reaiatance:  Cable  abrasion  tests  were  invoked 
on  Iwlli  finished  cable  samples  (as  n  lot  acceptance  test)  and 
on  jacket  material  samples  (ns  a  material  qualification  test). 
Both  test  procedures  used  the  same  set-up  and  equipment  ns 
sjiecilicd  in  MIL-C-17,  Rev.  F,  Amendment  3,  for  an  AWG  16 
jackct/wire  sample.  An  8-inch  rotating  wheel  having  two 
abrading  edges  180  degrees  apart  and  turning  at  17  RPM  was 
used  for  the  test.  Each  test  sainple  had  a  1-pound  weight 
attached  to  its  end  and  was  drooped  over  the  abrading  wheel. 

The  goal  was  to  have  a  finished  cable  use  a  jacket  material  that 
would  lie  capable  of  withstanding  the  rigors  of  installation  at 
the  shipyard.  Since  some  of  the  RF  cable  lengths  were  ex¬ 
pected  to  exceed  500  feet,  pulling  these  cables  mound  corners 
could  degrade  or  destroy  the  jacket.  Not  only  did  material  type 
have  to  lie  reviewed,  hut  jacket  thickness  also. 

The  material  qualification  test  performed  on  the  jacket/wire 
sample  was  used  to  evaluate  jacket  materials.  Since  the 


dimension*  and  procedure*  were  strictly  controlled,  thi*  lc*l 
could  be  used  to  compare  different  product*  and  get  a  good 
indication  If  the  material  would  perform  to  the  level  required. 

The  teal  on  the  finished  cable  sample*  was  invoked  to  aoecify 
a  minimum  level  of  performance  to  ensure  that  the  cable  being 
provided  would  )>e  similar  to  that  previously  qualified.  Thi* 
assured  the  customer  with  a  level  of  confidence  that  the  cable 
would  Ik  capable  of  withstanding  the  shipboard  environment. 

Jacket  thicknesses  were  varied  for  each  construction  to  allow 
a  minimum  level  of  500  cycle*  on  the  abrading  wheel  to  Ik 
achieved  by  each  different  cable.  The  result*  proved  iKttcr 
than  those  for  similar  cable*  using  PVC  jacket  material. 

Shielding  KfTcctlvenctw1  Shielding  elfectivenes*  criteria 
were  specified  to  ensure  the  survivability  and  operation  of 
equipmenlin  an  EMI/EMP  environment.  Presently,  the  cable 
specified  for  surface  ship*  must  have,  a*  a  minimum,  an 
overall  braid  shield  that  meet*  or  exceed*  a  level  of  perfor¬ 
mance  of  60  dB  for  the  attenuation  of  an  impinging  electro¬ 
magnetic  field  over  a  frequency  range  from  ’30  klix  to  400 
Mils.  In  lieu  of  invoking  a  percent  coverage  for  the  braid 
(which  is  traditionally  found  in  specification*  for  the  design  of 
a  braid  shield),  an  electrical  (Krformance  value  wa*  specified. 

Surface  transfer  im|K<lance  was  specified  to  measure  the 
cable's  shielding  effectiveness  and  replace  the  physical  param- 
eter*  defined  by  the  percent  coverage  in  M11.-C-17.  Sample*  of 
this  tyjK  of  construction  were  evaluated  by  NSWC-White 
Oak,  Maryland.  The  re*ults  demonstrated  the  feasibility  of 
thi*  design  and  test  method.  The  data  showed  a  direct  corre¬ 
lation  between  surface  transfer  im|>edancc  result*  obtained 
using  the  test  *ei->;p  *|>ecified  in  6323050  and  that  found  of  the 
cable's  shield  in  the  attenuation  of  free-field  energy.  The 
surface  transfer  impedance  test  is  similar  to  that  specified  in 
MII.-C-24G40.  The  test  uses  a  triaxial  configuration,  having  an 
extra  braid  applied  over  a  sample  cable  one  meter  in  length. 
The  surface  transfer  impedance  is  measured  using  a  sweep 
frequency  signal  generator  and  network  analyzer.1  The  ratio 
of  induced  voltage  measured  inside  of  the  applied  braid  shield 
to  the  driving  current  on  the  shield  is  the  surface  transfer 
imjKdnnce  (/,,)  of  the  braided  shield  at  a  given  frequency.  This 
is  mathematically  described  Mow. 

■  y  •  gg  (ohm/m) 

where  I,  ■  the  uniform  current  (lowing  on  the  braided  shield, 
AX  the  length  of  the  cable  sample, 

AV  "  the  leakage  voltage  across  AX. 

The  lower  the  surface  transfer  impedance,  the  better  the 
cable’s  shielding  effectiveness.*  A  typical  graph  generated 
from  one  of  the  RF  cable's  surface  transfer  impedance  tests  is 
shown  in  Figure  2. 

The  EMP  response,  which  gives  a  relative  performance  of  a 
braid  shield  over  frequency,  is  calculated  using  the  following 
formula: 
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i-tnia*,  ,y  ifip?  Jf 

BMP  rwpon*  (dB)  -  -185  -  10  log  (^+>)  ,|F+V) 

wrwne  ty  (0  —  surface  transfer  impedance  <ohm/m) at  a  fre¬ 
quency  (0; 
a  -  2.59  x  !&'; 
jl  -  4.12  x  10’; 
f  “  frequency  Oh): 
df  -  change  in  frequency. 
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Figure  2.  Typical  Single  Optimized  Braid  Surface  Transfer 
liniwdance  Results 

A  minimum  of  UK)  point*  |>er  decade  arc  taken  ami  calculated 
to  arrive  at  an  average  for  the  boundary  units  identified. 
Figure  5  shows  a  plot  of  the  KM  I*  response  for  the  same  cable 
sample  tested  in  Figure  2. 

Ii  is  assumed  that  every  cable  core  diameter  lias  an  optimum 
braid  configuration.’  Double  braided  shields  will  generally 
improve  a  cable’s  shielding  effectiveness  but  since  an  area  of 
coverage  is  generally  used  in  lieu  of  transfer  iin)>edmtce  to 
quantify  shielding  effectiveness,  there  is  no  assurance  that  one 
cable  will  perform  to  the  same  level  as  another.  Therefore,  the 
shelding  effectiveness  test  ns  defined  herein  is  invoked  ns  n  lot 
acceptance  test  to  verify  the  quality  of  shielding  for  ench  cable 
used.  All  cable  constructions  exhibited  an  average  value  nlmve 
GO  dB  for  a  single  "optimised"  shield.  Two  of  the  coaxial 
constructions  had  two  optimized  shields  applied,  and  when 
-M 
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Figure  3.  EMP  Response  Plotted  at  Frequency  for  Same 
Cable  Sample  ns  Shown  in  Figure  2.  Minimum 
of  100  Points  per  Decade 


tested  together  exhibited  ,m  average  level  of  iierformanct 
above  70  dll. 

Enhanced  Electrical  Performance:  Matching  or  iropro 
ing  the  electrical  ixerformance  was  a  goal  of  this  effort.  Cable 
was  not  evaluated  as  an  RF  transmission  line  but  as  a  medium 
for  data  t  ransmission.  As  a  result  of  foaming  the  core  material, 
velocity  of  pro|«tg»tion  was  increased,  attenuation  at  the 
higher  frequencies  was  decreased,  and  capacitance  was  de¬ 
creased,  compared  with  similar  cabling  having  solid  polyeth¬ 
ylene  cores  (those  found  in  MIL-C-17).  Since  most  uses  for 
these  cables  are  that  of  signal/data  transmission,  a  compro¬ 
mise  in  jrnwer  handling  capability  was  not  an  issue.  The  newly 
dcvelo|)cd  cables  are  not  capable  of  handling  the  same  voltages 
and  currents  as  those  of  similar  cables  qualified  to  MH.-C-I7. 

Fundamental  Constraints 

When  considering  the  design  objectives  for  these  cables,  it  was 
necessary  to  keep  this  development  compatible  with  existing 
RF  connectors  in  use.  Equipment  delivered  to  the  shipyards  Is 
provided  by  many  sources.  Since  the  cables  directly  interface 
with  a  large  variety  of  equipment  and  arc  supplied  as  Govern¬ 
ment  Furnished  Equipment  (GFK),  the  customer  required 
compatibility  since  the  plug  end  of  the  connector  had  to  mate 
with  titose  equipments.  Therefore,  maintaining  the  outside 
diameter  am)  center  conductor  dimensions  for  each  cable  ty|>e 
was  of  extreme  importance.  One  essential  parameter  was  the 
RF  calde  outer  jacket  thickness.  A  minimum  level  of  abrasion 
resistance  (us  previously  discussed)  was  designed  and  S|>ecilicd 
in  tiie  procurement  drawings  so  a  level  of  confidence  for  the 
overall  integrity  of  the  cable  would  lx-  obtained.  This  goal  was 
achieved  liecausc  the  foaming  of  the  cable  core  resulted  in  a 
decrease  in  core  diameters  which  allowed  for  an  increase  in 
jacket  thickness.  -Jacket  thicknesses  that  averaged  25  to  30 
mils  in  MIL-C-17  tyj»e  cnldes  averaged  -It)  to  50  mils  for  the 
newly  designed  cnldes. 

All  the  caldes  developed  have  cither  maintained  or  decreased 
their  overall  diameters  when  compared  with  MIL-C-17 
"equivalents,”  except  for  the  small  SO  ohm  trinxinl  calde, 
NAVSBA  Drawing  632305G.  For  this  one,  a  conscious  decision 
was  made  by  the  customer  not  to  lx*  compatible  with  the 
present  connector.  A  tradeoff  study  showed  a  high  probability 
of  material  failure  during  installation  if  the  outside  dimension 
was  limited  to  the  given  connector  configuration.  To  resolve 
tins  issue,  the  customer  redesigned  the  existing  connector. 

The  primary  concern  expressed  by  the  insinuation  activity 
(the  shipyards!  was  that  of  flexibility.  This  characteristic  has 
always  been  a  concern,  especially  for  new  cable  developments. 
Pulling  and  terminating  cables  onboard  a  ship  in  areas 
crowded  witli  equipment  is  always  dillicult.  Sometimes  the 
installation  results  in  compromising  the  performance  of  the 
calde.  It  is  not  uncommon  for  a  cable  to  be  bent  at  a  radius  less 
than  10  times  its  diameter.  Since  the  increase  in  jacket 
thickness  was  assumed  to  stiffen  cable  constructions,  the 
design  had  to  com|>ensnie  by  allowing  more  flexibility  from  the 
components  underneath  the  jacket.  For  almost  all  the  cable 
constructions,  a  19-strnnd  versus  7-strand  design  was  chosen 
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for  the  the  center  conductor*.  Also,  a  foamed  jwlyethylene 
(PIS)  core  was  used  for  all  the  cable*.  Foamed  PE  tend*  to  be 
more  flexible  than  the  *olid  PE  c<nmter]tarts  defined  in 
MII.-C-17.  A*  a  result.  l>oth  the  core*  and  center  conductor* 
bad  attribute*  that  helped  conqiensatc  for  the  increa*e  in 
jacket  thickne**.  thereby  creating  a  cable  with  no  increa*e  in 
stiffness. 

A  cold  liend  te*t  wa*  invoked  for  each  cable  con*(ruction. 
*l>ccitied  to  l>e  run  at  --in  degree*  Cel*iu*  over  a  mandrel  no 
more  than  It)  time*  the  cable'*  diameter.  Thi*  requirement 
helped  convince  the  shipyard*  that  the  quality  of  the  cable 
would  I*  maintained  in  the  harsh  shiplxwrd  environment. 

Cable  Development 

Core 

tn  considering  various  design  alternative*,  the  material  used  in 
the  core  of  the  cable  (the  material  that  (ill*  in  around  the 
center  conductor  and  under  the  lirst  braid  or  outer  conductor) 
wa*  deemed  critical  with  rcsjiect  to  the  outcome  of  the  (lame 
probation  test.  The  idea  wa*  to  either  minimize  material  in 
the  core  so  it  would  not  melt  and  feed  the  flame,  or  find  a  new 
material  that  would  not  burn.  Th*  two  basic  material*  used  in 
the  core*  of  Mil-C-1?  type  UF  cable*  ore  iwlycthylene  (I’K) 
and  Tellon/FBP  ty|>e  product*.  Each  pose  a  numlier  of  poten- 
tial  problem*.  The  Teflon-type  product*  need  to  'x>  handled 
and  installed  with  special  care  so  the  core  maintain*  its 
designed  dimension  and  i*  not  squeezed  down.  Tetlon-iyjie 
product*  also  have  higher  than  acceptable  level*  of  halogen 
content.  During  a  lire,  (he  material  would  exceed  the  accept¬ 
able  level*  of  products  of  combustion.  PE  has  the  tendency  to 
readily  sapiiort  combustion.  Adding  (lame  retardants  to  PE 
increases  the  halogen  content,  thereby  increasing  toxicity 
level*  when  subjected  to  a  (lame. 

An  attempt  was  made  earlier  in  the  program  to  produce  a  dual 
composite  core  const  ruction  using  two  materials;  a  thin  (lame 
retardant  skin  over  a  foamed  PE  core.  Flame  propagation 
testing  of  this  tyj>e  of  core  showed  promising  results,  but 
liecause  of  the  negative  factor*  associated  with  thi*  option  une 
addition  of  Imlogenated  (lame  retardant*  and  a  special  tandem 
extrusion  line  needed  for  it*  manufacture),  thi*  alternative 
wa*  soon  abandoned. 

The  material  finally  chosen  for  the  cores  was  irradiated 
(cross-linked)  foamed  PE.  The  degree  of  foaming  varied  with 
the  diameter  constraints  and  various  electrical  requirements 
for  a  given  cable  construction.  A  dielectric  constant  ofl.CS  was 
selected  as  a  design  goal.  This  value  is  considerably  lower  than 
that  of  solid  PE,  which  allowed  for  (lexibility  in  the  design  of 
the  core  si/.es.  The  foamed  PE  provided  for  a  suitable  flexible 
structure  that  would  maintain  its  geometry  and  not  chip  or 
(lake.  As  previously  stated,  the  attempt  was  to  decrease  the 
cores  of  the  M11.-C-17  type  cables  so  the  increase  in  jacket 
thickness  would  not  enlarge  the  cables  to  a  point  where  they 
would  not  fit  into  their  assigned  connectors. 

Cross-linking  the  core  toughened  it  and  extended  its  physical 
propert  ies  in  higher  temperatures  but  not  to  the  point  of  living 
'‘thermoset."  Some  of  the  new  constructions  passed  the  IEEE- 


383  test  readily,  Inn  other*  (usually  the  coaxial  types)  did  not. 
Tapcs/llarricr* 

Drand-Hex  fell  that  a  barrier  material  should  lie  provided  over 
the  core  to  seal  out  both  the  direct  (lame  and  air,  thereby 
reducing  heat  build-up  In  the  cable.  The  Idea  wa*  to  prevent 
the  core  from  melting,  dripping  and  fueling  a  fire.  Preliminary 
attempt*  seemed  to  have  merit.  The  burner  used  in  the 
IEEE-333  test  produce*  a  (lame  that  reaches  temperatures 
nlmve  1500  degree*  Fahrenheit.  The  focu*  during  the  te*l  wa 
on  the  *ample*,  at  a  height  approximately  3  to  4  feet  *hov<  ,e 
flame  source.  Flame  test  failure*  tended  to  lie  *imil*r  In  tna»  ' 
(lame  would  break  away  fairly  rapidly  from  the  ini'. 'Ml- 
applied  (lame  and  propagate  up  and  consume  the  cable.  All 
cable*  tested  were  totally  lairncd  and  charred  at  the  l>a*e  of 
the  ladder  (used  to  hold  the  cable*  vertical)  where  the  initial 
Home  source  was  located.  Most  of  the  specimen*  that  passed 
the  test  had  *elf-*up|mrting  (lame  break  away  very'  slowly  from 
the  original  (lame  source  Imt  would  only  proimgate  up  )  to  3 
additional  feet  liefore  extinguishing  itself.  The  final  construc¬ 
tions  utilized  a  barrier  material  In  the  form  of  a  tape.  Mica- 
fiberglass,  3-mils  thick,  was  selected  to  lie  wrapped  around  the 
Inner  braids,  or  outer  shield  braid,  depending  on  configuration. 
The  barrier  ta|>e  heljied  to  isolate  the  core  from  the  heat  and 
allowed  the  construction*  to  pass  the  IEEE-333  test  by  not 
letting  the  core  material  melt  and  wick  down  the  cable. 

Jacket 

The  jacket  applied  to  all  constructions  was  a  cross-linked 
liolyolefin  material,  modified  with  nonhalogenated  (lame  re¬ 
tardant*  similar  to  that  used  in  MIL-C-2464Q  cables.  Jacket 
material  equaled  less  than  0.02ri  halogen  content  when  mea¬ 
sured  by  the  X-ray  fluorescence  test  specifier!  in  the  general 
requirement  drawing.  When  the  jacket  was  burned,  it  did  not 
sup|>ort  combustion.  It  charred  and  had  the  characteristic  of 
lieing  thermoset.  In  some  of  the  triaxlal  constructions,  the 
jacket  was  able  to  withstand  the  heat  and  flame  to  a  point 
where  no  other  (lame  barriers  needed  to  lie  added.  This 
phenomenon  could  lie  attributed  to  the  fact  that  both  the 
inner  and  outer  jackets  were  of  the  same  material  and  pro¬ 
vided  a  heat  and  (lame  barrier. 

The  jacket  was  also  tested  against  the  specified  product*  of 
combustion  requirements;  NES  713  for  Toxicity  Index,  NES 
715  for  Oxygen  Index,  and  NES  711  for  Smoke  Index.  A  test 
procedure  was  used  to  ensure  thnt  no  strong  acids  resulted 
from  the  breakdown  of  the  material  when  burned.  All  test 
results  demonstrated  compliance  with  that  specified  in  the 
general  requirements  specification. 

Implementation 

It  is  estimated  thnt  approximately  10,000  pounds  of  PVC 
jacket  material  (roughly  100,000  feet  of  RF  cable)  could  be 
used  onboard  a  Navy  Destroyer-class  ship.  In  a  fire  scenario, 
PVC-jack'.‘ted  R?  cables  emit  toxic  and  acidic  fumes  many 
times  grater  than  that  of  the  polyolefin  jacket  material.  In 
addition,  PVC  accelerates  the  (lame  and  causes  it  to  totally 
consume  the  cables,  leaving  a  deadly  thick  blackish  smoke  as 
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a  by-r  roduct.  It  w  a*  important  to  make  the  cable*  available  *<> 
that  they  could  be  inatalltd  onboard  the  Navy  Deal  rover  ahip* 
aa  aoon  a*  practical, 

Incorporation  of  the  J.S/1/T  HF  cable  into  the  ahipimllding 
program  documentation  repreaented  the  final  phaae  prior  to 
purchaae.  In  the  US  Navy  shipbuilding  program,  the  Program 
Manager  haa  to  incorporate  the  change  into  the  propoaal 
proceaa  for  new  ahip  acquisition.  The  aelection  of  candidate* 
to  be  included  in  the  propoaal  ia  baaed  on  need,  coat,  and 
availability.  Brand-Hex  had  to  prove  that  theae  factor*  in¬ 
complete  for  the  change  to  Ire  eonaidered  viable. 

The  firat  atep  toward  incorporation  ws*  the  preparation  of  a 
technical  briefing  paper.  Thi*  paper  included  a  description  of 
the  RF  cable  aa  a  material  with  emphaaia  on  the  aignilicant 
attribute*,  auch  aa  meeting  the  IEEE-383  fiame  propagation 
teat,  optimized  ahielding,  and  increaaed  velacit*  'f  propaga¬ 
tion.  The  feature*  of  an  inherent  low  amoke  i  ,ow  toxicity 
design  were  alao  identified.  The  technical  brief  wa*  preaented 
to  both  our  cuatomer  and  propoaed  future  cuatomera  (the 
ahipyarda). 

A  full  preaentation  wa  a  prepared  to  inform  the  xhipbuiltlcr*  of 
the  program  detail*,  including  a  review  of  both  electrical  and 
mechanical  characteriatica.  Varioua  HF  cable  deaign*  were 
preaented  (See  Figure  I  for  photo*  of  finixhed  cable*)  to 
familiarize  the  *hip)>uildcrx  with  thi*  development.  The  ma¬ 
jority  of  the  shipbuilder*'  question*  were  directed  to  the  area 
of  phyaical  handling  and  inatallation  characteriatica.  A  major 
concern  of  the  «hi|>tnii)der*  wa*  the  introduction  of  inatalla¬ 
tion  problem*  not  aaaociated  with  the  material*  preaently  In 
uae.  Disclosing  the  deaign  and  teat  data  and  xupplying  mate¬ 
rial  aamplea  reaolvetl  the  matter. 


Synogal* 

A  number  of  aignificant  deaign  improvement*  have  been 
accompliahed  for  the  Navy  program.  The  initial  goal  of  PVC 
removal  and  the  incorptiration  of  an  I-S/l/t*  material  waa 
aucceaafully  introduced.  Jncorjwration  of  the  IEEE-383  Inirn 
teat  further  enhanced  the  deaign  againat  the  propagation  of 
(lame  a*  a  reault  of  the  uae  of  new  material*.  A  aignificant 
deaign  change  included  the  incorporation  of  optimized  overall 
ahielding  for  protection  from  EMI/EMI*.  In  thla  area,  a 
ahielding  effect ivity  of  greater  than  60  dll  wa*  achieved  from 
E-field  coupling.  The  uae  of  a  19-atrand  center  conductor 
reaulted  in  greater  flexibility  and,  with  the  apecificalion  of  an 
abraaion  reaiatance  teal  for  the  I.S/I.T  jacket  material,  en¬ 
hanced  cable  inatallation  and  handling  will  lie  olrtained.  Com¬ 
bining  the  electrical  and  mechanical  property  gain*  with 
environmental  and  phyaical  attrilmte*  reaulted  in  a  aignifi- 
cantly  improved  cable  deaign  that  can  be  effectively  utilixed  by 
the  US  Navy. 

Reference* 

(1)  "Cable’*  Braid  i*  Optimized  to  Meet  EMI*  Threat."  by  J. 
Denni*  Chalk,  Electronic  Packaging  and  Production,  Cah- 
ner*  Publishing  Company,  Auguat  1985. 

(2)  Ibid. 

(.1)  Ibid. 

Acknowledjgement 

The  author  wiahe*  to  thank  J.  Denni*  Chalk  for  hi*  aaaiatance 
with  thi*  program.  Alao,  thank*  to  all  the  production  and 
proceaa  peraonnel  involved  In  the  tievelopment  project.  Fi¬ 
nally,  a  apecial  acknowledgement  of  appreciation  to  the  the 
General  Elect  ric  Company.  The  implementation  <■(  low-amoke 
cable  on  Navy  ahip*  would  not  have  reached  it*  piesent  level 
without  the  tireleaa  effort*  of  GE  |>eople  in  the  development  of 
the  atandarda  and  *|>eciflcations. 


Biography 


Anthony  R.  Fedor 
Brand-Hex  Cable 
Syatem*  Division 
1G00  W.  Main  St. 
Willinmntic,  CT 
06226-1128 


Anthony  Fedor  is  preaently  a  protluct  engineer  in  the  Mili¬ 
tary  Market  Division  of  Brand-Hex  Cable  Systems  Divi¬ 
sion,  where  he  has  been  employed  since  1985.  Prior  to  this 
he  was  employed  ns  a  protluct  engineer  with  the  Tensolite 
Company  in  Buchanan,  NY. 


International  Wire  &  Cable  Symposium  Proceedings  1989  187 
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OPTICAL  FIBER  FOR  MISSILE  PAYOUT  APPLICATION'S 

FRANK  I.  AKERS  AND  THOMAS  E.  WILSON 


ALCATEL  CABLE  SYSTEMS,  INC.,  ROANOKE,  VIRGINIA 


?  WARY 

Th«  manufacturing  of  high  strength  optical  fiber 
(or  missile  payout  application!  requires  n«u  and 
improved  Mthods  ot  processing  inspection, 
handling,  and  storage.  This  paper  addresses  io«e 
of  the  technigues  needed  to  guarantee  the  highest 
probability  o(  success  during  high  speed  payouts. 
The  regui regents  (ot  testing  o(  fibers  (or  payout 
esceed  those  (or  commercial  applications. 


URTjeeusmB 

Optical  fiber  was  first  propostd  (or  use  in  fiber 
guided  weapons  in  the  mid-lSTO’s*1*,  The 
feasibility  of  using  fiber  optics  in  guided  weapons 
applications  was  proven  in  several  far-sighted 
programs  sponsored  by  USA  CECOM  and  USA  MICOM.  The 
IPOCL  program  showed  conclusively  that  the  fiber 
optic  guided  missile  could  work  if  the  system  could 
be  made  reliable.  Since  the  early  efforts, 
numerous  programs  have  been  conducted  by  CECOM, 
MICOM,  NOSC,  NUSC,  NNC,  and  others  again  proving 
the  feasibility  and  stretching  the  horiton  of 
technology.  The  programs  have  been  technology 
drivers,  initiating  research  into  fiber  design  and 
materials*1  **.  The  underlying  concern  for  optical 
fiber  in  these  applications  has  always  been  and 
continues  to  be  ...  reliability.  As  the  industry 
has  learned  more  about  the  manufacturing  of  optical 
fiber,  it  has  become  clear  that  there  is  much  still 
to  be  discovered  in  the  areas  of  ultra-high 
strength  fiber,  tactical  applications,  long  term 
storage,  and  hostile  environments. 

MANUFACTURING  JECHNJflUES 

The  first  step  in  the  manufacture  of  high  strength 
optical  fiber  is  the  control  of  the  raw  materials 


used  to  fabricate  the  optical  preform.  It  is 
imperative  that  the  base  materials  used  be  tested 
or,  at  a  minimum,  certified  by  the  vendor  for 
purity,  trace  element;  particulates,  and  wther 
contaminants.  It  is  just  as  important  to 
maintain  proper  control  over  the  handling  and 
storage  of  the  materials  prior  to  their  use  in 
manufacturing  product.  Studies*1)  have  repeatedly 
shown  that  particles  (.faster  than  six  microns  can 
cause  proof  test  breaks  at  or  above  100,000  psi. 
Any  particle  incorporated  into  the  optical  preform 
can  cause  stress  concentration  points  or  actual 
fractures  that  could  develop  into  break  sources 
given  sufficient  time  and  stress.  Laser-aided 
visual  inspection  techniques  are  typically  used  to 
inspect  the  ultra-pure  quarts  substrate  tubes  used 
in  the  HCVD  process  as  the  outer  glass  cladding. 
The  liquid  halides  that  are  deposited  to  form  the 
core  and  cladding  are  purified  by  sophisticated 
chemical  processing  techniques  and  are  tested  for 
contaminants  by  methods  such  as  gas 
chromatography,  infrared  spectroscopy,  etc. 

During  the  process  of  manufacturing  an  optical 
preform,  cleanliness  of  the  environment  around  the 
manufacturing  equipment  is  imperative.  It  is 
particularly  important  to  control  particulate 
matter  in  the  vicinity  of  the  hot  preform.  The 
HCVD  process  lends  itself  to  keeping  the  exterior 
of  the  optical  preform  clean  by  the  ability  to 
flood  the  area  with  ultra-pure  air  and  by  flame¬ 
polishing  the  preform  after  collapse.  After  the 
preform  has  been  produced,  it  is  kept  in  a  clean, 
inert  environment  to  cool,  then  inspected  for 
optical  performance.  It  is  also  visually 
inspected  for  possible  strength  reducing  defects, 
such  as  bubbles,  inclusions,  de-vitrification, 
etc.  The  preform  is  then  stored  in  a  dry,  inert 
atmosphere  to  await  drawing  into  fiber. 

Just  prior  to  drawing  the  optical  preform  into 
fiber,  several  proprietary  operations  are 
performed  to  minimise  flaws  in  the  surface  of  the 
glass.  The  draw  process  is  extremely  important  in 
producing  long  lengths  of  high  strength  fiber, 
since  this  is  the  only  time  the  fiber  will  exposed 
to  atmosphere  without  a  protective  buffer  coating. 
The  tip  of  the  preform  is  heated  in  a  graphite 
resistance  or  RF  induction  furnace  to 
approximately  2400  degrees  Celsius  and  allowed  to 
drop  off,  pulling  a  section  of  the  preform  down  to 
a  relatively  small  diameter.  This  fiber  is 
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directed  through  Miiuromt  devices  and  coating 
applicators  to  a  capstan  drive  which  starts  to 
pull  tht  fiber  at  the  preset  final  diameter. 
Contamination  fro*  the  draw  furnace  Must  be 
controlled  by  proper  purge  procedures  and  flow 
dynamics  sin?;  the  glass  is  exposed  fro*  the 
furnace  to  the  ccating  applicators,  because  the 
glass  is  still  very  hot.  it  is  prone  to  attract 
ninute  particles  of  air-borne  dust  and  furnace 
contaminants ,  such  as  tirconia  and  graphite.  The 
fiber  should  be  protected  by  shields,  inert  gas 
showers,  clean  air  showers,  a.td/or  clean  rooms***. 
Particle  counters  are  used  to  Measure  the  level  of 
contamination  near  the  fiber  and  in  the  general 
roo*  area  to  check  for  potential  strength 
degradation.  The  fiber  dianeter  is  controlled  by 
control  loops  fro*  laser  Measuring  devices  to  the 
speed  and  temperature  centre! lers.  The  buffer 
coating  diameter  is  also  Measured  and  controlled 
using  similar  high  speed  laser  measuring 
techniques  and  a  proprietary  coating  dianeter 
control  device.  These  control  loops  allow  the 
glass  dianeter  and  the  coating  diameter  to  be 
controlled  to  the  extremely  tight  tolerances 
needed  tor  payout  applications.  The  Measurement 
equipment  is  set  to  alar*  any  out-of-tolerance 
condition  (typically  set  at  (0-70%  of  the 
allowable  tolerance)  to  alert  the  operator  that  a 
potential  problem  could  occur.  This  allows  the 
operator  to  make  Manual  corrections  or  determine 
the  cause  of  the  problem  before  out-of- 
specification  fiber  is  produced.  It  should  be 
renenbertd  that  the  coating  diameter  control  for 
payout  fiber  (  <  ♦  6  microns)  is  significantly 
tighter  than  for  commercial  telecommunications 
fiber  (  typically  <  *  15  microns)  due  to  precision 
winding  requirements.  The  fiber  is  also  tested  by 
on-line  proof  test  to  weed  out  any  major  strength 
flaws  in  the  fiber  and  to  detect  potential 
production  problems.  After  drawing  the  fiber,  an 
off-line  proof  test  is  performed  at  slower  speed 
to  allow  additional  inspection  of  the  buffer 
coating  to  inspect  for  small  defects  that  may  have 
been  missed  by  the  on-line  test  equipment.  This 
is  typically  done  with  laser  diffraction 
techniques  in  multiple  planes  to  find  very  small 
perturbations  m  the  buffer  coating.  These 
techniques  can  typically  detect  surface  changes 
less  than  5  microns  in  height  and  ,  depending  on 
the  speed  of  the  fiber,  less  than  1  cm  in  length. 
The  site  where  a  buffer  coating  perturbation 
becomes  critical  has  not  yet  been  determined.  The 
fiber  draw  should  be  a  Class  10,000  or  better 
clean  room  with  strict  adherence  to  clean  room 
practices  and  additional  static  charge 
elimination.  Static  charge  can  be  reduced  by 
humidity  control,  general  room  ion  neutralization, 
localized  ion  neutralization  or  a  combination  of 
all  three.  The  next  operation  is  optical  test. 
Ideally,  the  fiber  should  not  be  removed  from  a 
clean  room  after  it  is  drawn  to  prevent  the 
attraction  of  particulate  contamination  that 
could  cause  buffer  damage  during  the  rewinding  or 
bobbin  winding  steps.  It  is  best  to  minimize  the 
handling  and  transportation  of  the  fiber  to 
prevent  damage  to  the  buffer  coating.  Standard 
EIA  approved  methods  should  be  utilized  to  check 
the  fiber  for  optical  performance,  such  as 


attenuation,  cut-off  wavelength.  Mode  field 
diameter,  dispersion,  etc.,  and  (or  physical 
parameters,  such  as  core  concentricity, 
eccentricity,  ovality,  core/clad  ratio,  etc.  One 
very  importer  parameter  for  successful  fiber 
payout  is  the  Ability  of  the  fiber  to  be 
insensitive  to  both  micro  and  macro  bending  force. 
Alcatel’s  single  mode,  bend  insensitive  fiber, 
that  has  been  supplied  on  the  POC-K  contract  (or 
nearly  two  years,  is  tested  for  bend  performance 
prior  to  being  accepted  as  a  candidate  for 
winding. I*1  Even  if  the  fiber  remains  in  the 

clean  room,  a  clean,  static-free  bag  should  be 
used  to  protect  the  fiber  from  any  airborne 
contamination  that  night  be  attracted  by  static 
charge. 

After  the  fiber  has  been  tested  and  accepted  for 
optical  and  physical  characteristics,  it  must  be 
either  spliced  to  form  longer  lengths  or  prepared 
tor  precision  winding.  High  strength  fiber 
splicing  techniques  have  improved  significantly  in 
the  last  few  years.  Splice  strengths  in  excess  of 
300  kpsi  are  routine  and  strengths  in  excess  of 
400  kpsi  can  be  achieved  with  little  additional 
effort.  Arc  fusion  splicing  is  the  most  common 
technique  bcinq  used  (or  splicing  payout  type 
fibers,  with  flame  fusion  being  used  by  some 
manufacturers.  Arc  fusion  techniques  can  produce 
splices  up  to  approximately  300  kpsi  while  flame 
fusion  is  be  able  to  exceed  this  level.  The  flame 
fusion  technique  is  Inherently  more  hazardous  due 
to  the  use  of  hydrogen  and  chlorine  gases  in  the 
process.  The  most  difficult  process  in  splicing 
is  the  recoating  of  the  buffer  coating  material. 
Huch  research  has  been  done  at  Alcatel  to  develop 
a  consistent,  reliable  recoating  method.  The 
actual  process  is  proprietary,  but  does  consist  of 
using  precision  molds  and  injection  methods  to 
reconstitute  the  buffer  with  the  same  diameter 
tolerance  as  the  original  buffer.  The  splices  are 
tested  for  scrength  by  a  tensile  test  to  Insure 
they  exceed  the  requirement  of  the  priduct.  The 
buffer  recoat  area  is  measured  using  a  laser 
measuring  device  to  insure  the  diameter  is  within 
specification  and  examined  under  a  microscope  to 
check  for  voids,  splits,  or  separations.  The 
fiber  is  then  respooled  in  the  clean  room  onto  a 
single  spool  in  preparation  for  winding.  During 
this  operation,  the  fiber  is  again  checked  for 
diameter  variation  and  buffer  damage  by  using  two 
laser  measuring  devices  set  at  a  90  degree  angle 
to  each  other.  This  insures  that  the  fiber  has 
not  been  damaged  in  the  measurement  or  splicing 
operations.  If  there  are  no  damaged  areas,  the 
fiber  is  again  placed  in  a  clean,  static-free  bag 
and  sent  to  the  winding  area,  along  with  a 
diameter  trace  of  the  entire  link. 

Precision  winding  of  the  high  strength  fiber  is 
key  to  successful  payouts  of  high  strength  fiber. 
Alcatel's  experience  has  been  that  much  damage  can 
be  done  to  the  fiber  prior  to,  during,  and 
immediately  following  the  precision  winding.  It 
is  extremely  important  that  the  fiber  be  wound  in 
a  clean,  static  controlled  area  that  minimizes  the 
chance  of  contamination.  Once  the  fiber  has  been 
wound,  only  gross  dami,e  can  be  found  with 
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techniques  |tk«  lam  illumination  or  OTOR.  Subtle 
contact  with  the  fiber  can  rtsult  in  microscopic 
damage  to  th«  buffer  that  will  caut*  th«  fiber  to 
(at!  due  to  fatigue  trow  the  cot)  winding  radio*. 

CONCLUSIONS  m  CAE017S 

the  reliability  of  optical  fibers  used  for  payout 
depends  on  purity  of  raw  materials,  careful 
manufacturing  Mlhods,  and  extreme  car*  in  handling 
subsequent  to  processing.  This  Mans  that 
reliability  is  built-in  rather  than  inspected  in. 
Th*  successful  production  and  protection  of  payout 
fiber  depends  on  a  new  culture  that  rewards  great 
attention  to  detail. 

The  authors  recognise  the  fine  tl* 
people  of  the  Alcatel  Defense  **' 
and  thank  the  management  <st  K 
this  work. 
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Abstract 

An  optical  liber  cable  transfer  splicing  system 
for  use  in  removing  er  changing  optical  fiber 
cables  is  developed.  This  system  is  realised  using 
optical  fiber  connecters,  fiber  transfer  splicing 
equipment,  synchronous  control  equipment  and  fiber 
identification  equipment  incorporating  a  local 
Injector  and  a  local  detector. 

With  this  system  cable  transfer  is  carried  cut 
with  only  a  slight  Interruption  to  working 
transmission  systems  and  ala-transfer  is  avoided. 
A  mean  transfer  time  of  12.2  ms  is  obtained. 

1.  Introduction 

With  increased  demands  on  optical  fiber  cable 
networks,  maintenance  has  become  increasingly 
important.  There  is  particular  need  for  a  system 
which  has  minimum  Influence  on  working 
transmission  systems  when  optical  fiber  cables  are 
removed  or  changed.  During  such  operations,  thu 


optical  fiber  cable  transfer  splicing  svstera[ll 
plays  an  Important  role.  Tills  system  enables  the 
efficient  transfer  splicing  of  existing  cables  to 
newly-installed  ones  when  optical  fiber  cables  at 
two  different  points,  such  as  manholes,  nre 
removed  or  changed. 

2.  System  architecture  and  function  of  components 

The  system  architecture  is  shown  in  Fig. 1 .  This 
system  is  composed  of  optical,  fiber  connectors, 
fiber  transfer  splicing  equipment,  synchronous 
control  equipment  and  fiber  identification 
equipment  incorporating  a  local  injector  (LI)  and 
n  local  detector  (LD).  Tills  equipment  is  explained 
below. 

2.1  Optical  fiber  ronncctflE 

A  Mechanically  Transferable  (MT)  Connector! 2)  is 
used  for  Che  sake  of  endurance,  reliability,  low 
Insertion  loss  and  cost  saving  (Fig. 2). 


POINT  A  POINT  B 


FIG.  1  -SYSTEM  ARCHITECTURE 
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FIG. 2  -CONNECTOR 
STRUCTURE 

3,;  Fiber  transfer  splicing  equipment 

This  equipment  Makes  It  possible  co  transfer 
from  existing  optical  fiber  cables  to  newly- 
installed  ones.  rig. 3  shows  a  block  diagram  of 
this  equipment.  Connectors  are  already  Installed 
at  the  splicing  points  of  each  fiber.  Fiber 
transfer  splicing  equipment  is  not  usually 
Installed  at  the  points  and  Is  only  used  during 
transfer  splicing. 

The  transfer  mechanism  Is  shown  In  Fig. 4, 
Transfer  splicing  is  performed  as  follows. 

(a) movc  guide  pins  with  solenoid  1 

(b) release  mated  faces  of  existing  ferrules  with 
solenoid  2 

(c) rcposltion  ferrule  with  solenoid  3 

(‘Ornate  faces 

(e)movc  pins  with  solenoid  4 

During  (a),  (d)  and  (e)i  longitudinal  pressure 
Is  required  to  mace  the  ferrule  faces.  Without 


this,  excess  loss  would  occur  during  transfer 
splicing.  It  la  also  necessary  to  release  the 
mated  faces  to  avoid  damaging  them.  In  all  these 
operations,  a  matching  fluid  is  applied  to  reduce 
connector  loss  and  avoid  Fresnel  reflection. 


FIG.  3  -lil.OCK  DIAGRAM  OF 
F1RBR  TRANSFER 
S  PI.  1C  I  NC  ICQ U  I  P MIC  NT 


2.3  Synchronous  control  eouiwenr 
Tills  equipment  Is  used  for  synchronous  control 
between  two  points.  Fig. 5  shows  a  block  diagram  of 
this  equipment.  Because  an  S/P  (serial  co 
parallel)  converter  is  used,  it  is  necessary  to 
compensate  for  the  time  required  for  conversion. 
Without  this  compensation,  the  driving  trigger 
would  be  delayed  at  point  B.  The  time  tu  ue 
compensated  for  is  calculated  as  follows.  The 
transmission  speed  is  1 200  bps.  The  trigger 
command  word  Is  composed  of  JO  bits  including  a 
start  and  a  stop  bit.  So  it  takes  1/1200x10  s  to 
convert  from  a  serial  word  to  a  parallel  word. 


(a)  (li)  (c) 


«>  (e) 


—(e) 


192  International  Wire  &  Cable  Symposium  Proceedings  1989 


Compensating  Cor  this  cine,  the  deviation  in 
synchronous  control  can  be  less  than 
Cl/1200)x(l/2)  s  even  in  an  asynchronous  mode. 


WIST  A 


PAINT  B 
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power  injected  into  a  fiber  ribbon  must  be  less 
than  -VLB  d&*. 


2.4  Fiber  identification  equipment 

Tills  equipment  enables  the  identification  at  two 
points  of  the  fiber  ribbon  tu  be  transferred. 
Fig. 6  shows  an  outline  of  the  fiber  identification 
equipment.  'Hie  U  injects  an  identification  signal 
into  a  fiber  ribbon  by  bending  it.  The  LD  picks  up 
the  signal  from  the  fiber  ribbon  also  by  benuirg 
it. 

The  requlreoriivs  for  fiber  identification  ore 
explained  ns  follows.  In  order  not  to  disturb  the 
working  transmission  system,  the  identification 
signal  power  must  be  controlled  to  nn  optimum 
level.  For  example,  a  high  speed  digital 
transmission  system  has  a  minimum  receiving  power 
of  -43. 0  dBm  and  a  bit  error  rate  of  leva  than  10” 
.  Here,  the  following  equation  is  established 
between  the  S/N  ratio  ansi  the  bit  error  rate. 

BER=(2/7t>*  -<SVM) -‘expU-l/MfS/KW 
With  this  equation,  the  S/N  ratio  at  a  bit  error 
rate  of  10”®  is  calculated  as  10.8  dB.  To  satisfy 
this  bit  error  rate,  the  identification  signal 


3.  Experimental  results 

IhLSaUal  liter  samsssi 

Fig. 7  shows  the  splicing  loss  after  transfer. 
Due  tti  the  use  of  the  MT  » onnector ,  the  mean 
insertion  loss  is  0.34  «1B.  This  value  is  nearly 
equal  to  that  obtained  for  hand  splicing. 
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3.2  Transfer  anHclnt  fwlwfut. 

3.2.1  Transfer  iIk 

Fig. 8  show*  the  current  wave  of  solenoid  I.  It 
tuck  about  3.4  a*  fro*  the  start  of  the  trigger  to 
the  end  position  of  the  solenoid's  full  stroke.  So 
the  drive  timing  far  the  solenoid  was  set  as  shown 
In  Fig. 9.  Posed  on  this  timing,  the  mean  transfer 
time  was  12.2  ms  and  the  maximum  transfer  time  was 
13.1  ms  as  shown  in  Fig. 10.  The  upper  graph  in 
Fig. I l  shews  the  transfer  waveform. 
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3.2.2  Influence  on  a  worldnt  transmission  system 
The  influence  of  transfer  on  a  transmission 
system,  with  a  transmission  speed  of  6.3  Mb/s  and 
a  keying  of  CHI  (Coded  Hark  Inversion),  was 
measured.  To  evaluate  the  influence  on  the  system, 
it  is  most  nppropriate  to  observe  the  DNR  (DCE  Not 
Ready)  signal.  The  DNR  signal  is  inactive  when  the 
transmission  system  is  working  ond  becomes  active 
when  the  system  goes  down.  The  lower  graph  in 
Fig.  11  shows  the  DNR  signal.  In  this  graph,  the 
lower  level  corresponds  to  on  nccive  DNR,  the 
higher  level  corresponds  to  an  inactive  DNR.  The 
mean  time  for  the  active  DNR  uas  16.0  ms  and  the 
maximum  time  was  28.2  as. 
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3.3  Synchronous  control  oaurpment 
Deviation?*  of  the  transfer  trigger  were  measo*ed 
and  are  shown  in  Fig, 12.  These  are  leas  than 
(l/l20Q)x(l/2)  a,  and  agree  with  the  estivation 
described  in  section  2.3. 


TRANSFER 

TRIGGER 


3.*  Fiber  identification  equipment 

3.4.1  In  jeccjon  efficiency  and  detection 
efficiency 

First,  the  injection  efficiency  was  measured  and 
is  shown  in  Fig. 13.  it  can  be  seen  chat  the 
maximum  efficiency  was  -52  dB  and  the  minimum 
efficiency  was  -55  dB.  Here,  the  Injection 
efficiency  is  calculated  by  subtracting  the 
injection  efficiency  signal  power  from  the 
propagation  signal  power. 

Next,  the  detection  efficiency  was  measured  and 
found  to  have  a  maxiaun  value  of  -17  dB  and  n 
Minimum  value  of  -21  dB. 


SCANNING  LENGTH  (/la) 

F I G.  1 U  -IN  J  ECT I  ON 
EFF I C I ENCY 


3.4.2  Transfer  function  and  dorermr  sensitivity 

First,  the  transfer  function  of  the  LD  was 
measured.  This  is  shown  in  Fig. 14.  The  input  power 
to  the  I.D  was  -Hfl  dB«.  It  tan  be  seen  that  a 
spectrum  power  of  27rt  11*  clearly  appears. 

Second,  the  coherence  was  measured  at  an  input 
power  of  -80  dBm.  Thin  is  shown  in  Fig. 15,  which 
reveals  that  the  output  power  at  27«  lls  Is 
causes!  wholly  by  Input, 

Finally,  the  detector  sensitivity  was  measured. 
Fig. 16  shows  the  probability  density  function  at 
an  input  power  of  -80  dBm,  Fig. 17  shows  the  same 
function  at  an  input  power  of  >84  dBm.  It  was  also 
measured  at  Input  powers  of  -77  dBm,  -81  dBm,  -82 
dBm,  -83  dBm,  -85dBm  and  -86  dBm.  Ftom  these 
experiments,  the  cumulative  distribution  function 
was  calculated  by  Integrating  the  probability 
density  function  along  the  amplitude-axis.  The 
output  variations  of  the  detector,  which  have  a 
probability  of  99. 9X,  were  also  calculated  as 
shown  in  Fig. 18.  From  this  figure,  it  can  be  seen 
that  the  minimum  receiving  power  is  about  -83  dBm. 
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PROBABILITY  DENSITY  FINCH  ON  Z  PROBABILITY  DENSITY  FUNCTION 
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4.  p|MjjMjwj  of  ext>er lnK-n»nl  results 
A.I  Tnflticnep  on  a  worklna  transmission  system 
Hie  time  during  which  DNR  is  active  is  longer 
than  the  transfer  clue  described  earlier.  The 
experimental  result  is  explained  as  Follows.  It 
takes  about  0.5  ns  for  DNR  to  becone  active  when 
the  optical  input  goes  down  at  the  receiving  unit 
o £  Che  working  transmission  system  for  its  frame 
coo position,  and  it  takes  4  ns  to  become  inactive 
when  an  optical  signal  ente  „  the  receiving  unit 
of  the  system  for  its  frame  recovery  flow.  For 
these  reasons,  the  total  time  during  which  DNR  is 
active  is  calculated  by 
TDSR.Tr0.n*4 ,U  (ms) 

Here,  Tj^-g  is  the  time  during  which  DNR  is  active, 
and  Tf  is  the  transfer  time.  With  this  equation 
and  experimental  result,  the  mean  time  while  DNR 
Is  active  is  estimated  to  be  15.7  ms.  The 
experimental  result  agrees  with  this  estimation  . 
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4,2  Capacity  of  fiber  Identification  equipment 
The  power  of  Che  laser  diode  us*d  la  cho 
experiment  was  -3  dBm  and  the  maximum  injection 
efficiency  was  -92  dBm.  So  the  maximum  power  of 
the  injection  signal  injected  into  n  fiber  is  -55 
dBm  and  the  injection  signal  has  no  disturbance  on 
a  working  transmission.  It  was  found 
experimentally  that  the  minimum  injection 
efficiency  was  -55  dti,  the  minimum  detection 
efficiency  was  -21  dB  and  the  mlnimun  receiving 
power  was  about  -83  dBm.  The  power  of  the  laser 
diode  used  in  the  experiment  was  -3  dBm.  So  the 
loss  margin  is  calculated  as  4  dB  (-3-55-21-(-H3)) 
and  should  be  assigned  to  transmission  loss. 
Assuming  that  the  fiber  loss  is  1.0  dti/km 
including  splicing  loss,  the  Identification 
equipment  can  be  applied  to  a  fiber  of  A  km.  Next, 
as  the  output  variations  of  the  detector  described 
in  section  3.4.2  had  a  probability  of  99.9  %,  the 
dispersion  d^rj.  at  an  input  power  of  -83  dBm  is 
calculated  as  0.15  (0.51/3.3)  dB.  Here,  d,^  is 
cite  dispersion  of  the  output*  variation.  Setting 
the  reference  power  of  comparator  tit  -80  dBm,  the 
margin  for  identlficntlon  is  3  dB,  and  this  value 
corresponds  to  SOd^.  From  all  these  values,  the 
error  probability  of  the  fiber  identification 
equipment  nc  -83  dBm  is  calculated  at  less  than 
10”^*.  Using  this  equipment,  it  will  be  possible 
to  estimate  any  difference  in  splicing  loss 
before  and  after  transfer  splicing. 

5,  Conclusions 

An  optical  fiber  cable  transfer  splicing  system 
has  been  developed.  In  this  system,  transfer 
splicing  was  performed  using  transfer  splicing 
equipment  and  optical  fiber  connectors, 
synchronous  control  was  achieved  using  synchronous 
control  equipment  and  fiber  identif icoeiun  was 
realized  using  a  local  injector  and  a  local 
detector. 

In  addition  to  Clio  above  functions,  a  splicing 
loss  estimation  function  using  an  LI  and  an  LD  is 
currently  being  laboratory  tested. 

Finally,  the  whole  system  is  now  being  tested  in 
the  laboratory  and  will  be  introduced  commercially 
in  1990  in  order  to  improve  actual  specifications. 


Acknowledgement  * 

The  authors  would  like  to  acknowledge 
S  .Tnkashlmn  .  H.Shlmedn,  T.Uenoya  and 
J.Mlzusawa  for  their  helpful  suggestions  and  lank 
S.Nagnsnwn  for  valuable  dlsrusslo  and 
assistance. 

References 

[ 1 ll.Wntanobc  et  nl.,  'Optical  fiber  cable 
transfer  splicing  system,'  1989  Spllng  Natl.  Conv. 
Ret.  1  KICK  Japan. 

(2)S.Nagasawa  ec  al., 'MECHANICALLY  TRANSFERABLE 
MULTI  FIBER  CONNECTORS,'  ltXIC'89,  paper  21C2-I, 
1989. 


International  Wire  &  Cable  Symposium  Proceedings  1989  197 


Ichiro  Watanata 


llldeo  Kobayashl 


NTT  Network  Systems 
Devolopoont  Center 

Tokai,  Ibaraki, 
319-1 1»  Japan 


NTT  Network  Systems 
Development  Center 

Tokai,  Ibaraki, 
319-11,  J#P«n 


Ichiro  Watanabe  received  his  B.E.  degree  in 
electrical  engineering  fro*  Chiba  University  in 
1983. 

He  Joined  NTT  in  1983.  Since  1987  ho  has  been  in 
the  Fiber  Optica  Local  Network  Syatena  Project 
Group,  where  he  has  beon  engaged  in  the 
development  of  the  optical  fiber  cable  transfer 
splicing  systea.  He  is  a  member  of  IEICE  of  Japan. 


Hideo  Kobayashi  received  his  B.E.  degree  in 
aechanical  engineering  froa  Yaaanashi  University 
in  1963. 

He  joined  NTT  in  1968.  Since  1987  he  has  been  in 
the  Fiber  Optics  Local  Network  Systeas  Project 
Croup,  where  he  has  been  engaged  in  the 
developoent  of  the  optical  fiber  cable  transfer 
splicing  syatea.  Ha  is  a  aeaber  of  IEICE  of  Japan 
and  the  Japan  Society  of  Mechanical  Engineers. 


Masatoshi  Shlaizu 

NTT  Network  Systeas 
Dovelopoent  Center 

Tokai,  Ibaraki, 
319-11,  Japan 


Masatoshi  Shimizu  received  his  B.E.  and  M.E. 
degrees  in  electrical  engineering  from  Ibaraki 
University  in  1981  and  1983,  respectively. 

He  joined  NTT  in  1983.  Since  1987  he  has  been  in 
the  Fiber  Optics  Local  Network  Systeas  Project 
Group,  where  he  has  been  engaged  in  the 
development  of  the  optical  fiber  cable  transfer 
splicing  systea.  He  is  a  aeaber  of  IEICE  of  Japan. 


198  International  Wire  &  Gable  Symposium  Proceedings  1989 


DEGRADATION  OF  FIBER  STRENGTH  DURING  COATING  STRIPPING 


T.  Wei 

GTE  Laboratories  Incorporated 
Waltham.  MA  02251 

II.II.Yhk.  C.  It.  ilasz 
Bcllrore 

Morristown,  N’J  07QBO 

P. L.  Key 
Bellcore 

Red  Ban}:,  NJ  07701 


SUMMARY 

The  use  of  liber  optic  cables  in  telecommunications  has 
quickly  broadened  from  long  distance  transmission  to 
include  subscriber  loops  and  customer  premises 
installations.  As  liber  cables  are  brought  closer  to  the 
customer,  the  number  of  connectors  or  splices  in  the 
fibers  increases  dramatically  and  so  docs  the  concern 
over  the  mechanical  reliability  or  such  interconnections. 
The  preparation  or  either  mechanical  or  fusion  splices  or 
the  installation  or  connectors  normally  includes  several 
steps  which  may  damage  the  liber  including  removal  of 
the  cable  structure  (sheath,  jacketing,  and  buffer  tubes), 
stripping  of  the  coaling,  cleaning  the  liber,  cleaving  the 
fiber  end,  the  splicing  or  connector  installation  operation 
itself,  and  liber  recoating  procedures.  In  this  study,  we 
have  investigated  the  coating  stripping  and  liber 
cleaning  steps  in  detail.  Comparing  the  strength  of 
stripped  and  unstripped  liber,  we  round  that  the  normal 
stripping  and  cleaning  operations  caused  significant 
damage  as  evidenced  by  large  strength  reductions. 


INTRODUCTION 

Optical  fibers  are  being  rapidly  deployed  for 
telecommunications  applications.  Early  concerns  about 
the  mechanical  reliability  of  this  medium  because  of  the 
brittle  nature  of  glass  have  been  largely  overcome  by  the 
remarkable  progress  of  the  industry  in  increasing  the 
strength  of  optical  fibers.  Fiber  strength  is  controlled  by 
the  presence  of  smnll  surface  Haws  which  can  be 
introduced  during  fabrication  by  even  minor  contact  of 
the  fiber  surface  with  a  solid  object  or  by  incorporation 
of  inclusions  from  the  manufacturing  environment  into 
the  fiber.  Current  commercial  fibers  have  strengths  in 
excess  of  700.000  psi  when  tested  in  short  lengths  (about 
1  to  5  feet).  These  strengths  have  been  achieved  by 
carefully  avoiding  surface  damage  and  inclusions  during 


fiber  drawing  and  by  protecting  the  fiber  surface  with  a 
polymer  coating. 

However,  like  any  communications  cable,  liber  cable 
must  be  spliced  and  conncctorixod.  In  the  process  of 
splicing  fibers  or  installing  connectors,  the  coating  must 
be  removed  thus  exposing  the  glass  surface  to  damage 
and  degrading  environments1.  Installation  of  cither 
mechanical  or  fusion  splices  or  various  types  of 
connectors  involve  several  steps  which  may  induce 
surface  Haws  including  removal  or  the  cable  structure 
(sheath,  jacketing,  and  bulTcr  tubes),  stripping  the 
coating,  cleaning  the  stripped  fiber  end,  cleaving  the 
fiber  end,  splicing  or  connector  installation,  and  fiber 
rccoating. 

The  development  of  processes  to  produce  high  strength 
fusion  splices  has  been  tb.  subject  of  several  recent 
papers*'  .  In  this  paper,  we  examine  the  effects  of  the 
stripping  and  cleaning  steps  on  the  strength  or  liber. 
Specifically,  to  prepnre  a  fiber  for  either  splicing  or 
connectorization,  the  craftspcrson  must  remove  the 
coating  on  a  short  length  of  fiber.  The  most  common 
technique  for  removing  the  coating  involves  the  use  of  a 
mechanical  stripping  tool  with  a  sharp  knife  edge  not 
too  dissimilar  from  tools  used  to  strip  insulation  from 
copper  wire.  During  this  operation,  parts  of  the 
stripping  tool  and  coating  debris  can  contact  the  glass 
surface  leading  to  damage.  We  have  concentrated  on 
mechanical  stripping  since  it  is  more  likely  to  damage 
the  fiber  than  chemical  stripping  and,  because  of  safely 
regulations  on  chemical  usage,  mechanical  strippers  arc 
more  commonly  used  in  the  field. 

After  stripping  the  coating,  the  craftspcrson  normally 
wipes  the  fiber  clean  with  a  tissue  soaked  in  alcohol  or 
acetone  to  remove  coating  debris  or  dirt  that  might 
Interfere  with  the  subsequent  cleaving,  splicing,  or 
connectorization  steps.  We  shall  show  that  these 
processes,  even  when  carefully  done,  can  cause 
significant  strength  reductions. 
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EXPERIMENTAL 

The  objective  of  this  study  was  to  characterise  the 
degree  of  strength  degradation  introduced  by  stripping 
of  the  coaling  and  by  cleaning  the  stripped  liber.  One 
of  the  problems  with  such  a  study  is  that  the  individual 
technique  of  th<>  operator  would  appear  to  be  a 
significant  parame'er.  To  include  operator  effects  in  this 
study,  we  split  the  testing  between  the  authors' 
laboratories  to  determine  if  consistent  results  could  lie 
obtained  by  following  similar  test  procedures.  The 
results  from  each  lab  are  designated  as  either  Lab  1  or 
2.  Five  UV-curcd,  epoxy  acrylate  coated,  commercial 
silica-based  liters  with  a  nominal  125  /<m  core  and  250 
/im  coaled  diameter  were  obtained  for  testing;  the  fibers 
arc  designated  herein  as  Fibers  A,  13,  C,  l),  and  15. 

Seven  mechanical  stripping  tools  manufactured  by  four 
different  vendors  were  used;  the  tools  are  designated  in 
this  study  by  manufacturer  as  Tools  1,  2,  3,  and  -I. 
Finally,  two  commercial  chemical  strippers  were 
evaluated  which  arc  designated  as  Chemical  Stripper  1 
and  2. 

A  similar  stripping  procedure  was  used  at  the  two  labs 
in  which  a  stripping  tool  (or  chemical  stripper)  was  used 
to  strip  a  section  about  1/2  inch  long  in  the  middle  of 
the  lest  sample.  The  tensile  strength  of  the  sample  was 
then  measured  on  a  screw  driven  universal  testing 
machine.  Samples  were  gripped  on  10  cm  diameter 
capstans  covered  with  n  sort  elastomeric  sleeve.  The 
tensile  strengths  of  similar  unstripped  sections  from  each 
of  the  five  fibers  were  also  measured  to  provide  reference 
strength  levels.  Designations  of  fibers  and  stripping 
tools  anti  other  test  parameters  used  by  the  two  labs  are 
listed  below: 


Then,  four  different  “cleaning"  procedures  were  used  on 
groups  of  stripped  samples: 

(a)  wiped  once  with  bare  fingers 

(b)  wiped  once  with  a  lint-free  tissue  soaked  in 
isopropyl  alcohol 

(c)  wiped  twice  with  a  lint-free  tissue  soaked  in 
isopropyl  alcohol 

(d)  wiped  five  times  with  a  lint-free  tissue  soaked  in 
isopropyl  alcohol 

After  "cleaning",  the  tensile  strength  of  the  test  samples 
was  determined  by  the  same  procedure  outlined  above. 

RESULTS  AND  DISCUSSION 

The  effect  of  stripping  on  tensile  strength  is  shown  in 
Table  1  where  the  minimum,  median,  and  maximum 
strengths  are  listed  for  each  fiber  for  the  various 
stripping  conditions.  All  of  the  stripping  conditions  have 
a  very  significant  effect  on  both  the  median  strength  as 
well  ns  the  spread  in  the  strength  distribution. 

Generally,  the  maximum  observed  strength  values  do 
not  decrease  as  much  ns  cither  the  median  or  minimum 
strength  values.  There  appear  to  be  significant 
differences  in  the  strength-impairing  effect  between  the 
mechanical  strippers  test' d.  However,  cleaning  the 
stripping  tool  before  stripping  doesn't  significantly  affect 
the  strength  reduction  observed.  The  chemical  strippers 
behaved  similarly  to  the  better  mechanical  strippers. 
Although  the  results  from  Loth  laboratories  showed 
significant  strength  degradation,  results  with  similar 
tools  were  not  comparable. 


Parameter 

Fibers 

Stripping  Tools 
Gage  length 

Strain  rate 

Test  Environment 
Number  of  Samples 


Lab  1 

A,  B 
1,2,3 
0.5  m 

10  fo/min 

22*C,<I5%RH 

31 


Since  coating  debris  can  affect  the  operation  of  stripping 
tools,  we  also  examined  the  effect  of  cleaning  the 
stripping  tool  before  stripping.  This  was  done  by  using 
a  cotton  swab  soaked  in  isopropyl  alcohol  to  clean  the 
cutting  edges  of  the  stripping  tool  and  then  blowing  the 
edges  dry  with  an  air  duster.  Samples  were  divided  into 
two  groups;  those  stripped  with  a  clean  tool  and  those 
stripped  with  an  uncleancd  tool. 

The  second  major  area  examined  in  this  study  was  the 
effect  of  cleaning  the  fiber  after  stripping.  This  study 
was  carried  out  by  first  stripping  a  l/2  inch  long  section 
in  each  test  sample  using  a  cleaned  stripping  tool. 


Lab  2 

C,  D,  E 
1,2,  3,. I 
0.5  m  (Fiber  E) 

1  m  (Fibers  C  &  D) 

50  %/inin  (Fiber  E) 

25  %/min  (Fibers  C  &  D) 

25 *C,  50%  RII 
23  (Fiber  D) 

15  (Fibers  C  &  E) 

The  strength  of  optical  fibers  normally  can  he  fitted  to  a 
Wcibull  distribution.  However,  the  strengths  of  the 
stripped  samples  do  not  fit  a  Wcibull  distribution  very 
well  as  shown  in  Figures  1  -  2.  The  strength  of  a 
chemically  stripped  fiber  also  shows  significant 
deviations  from  Wcibull  bclmvio-  (Figure  3). 

The  effect  of  the  various  cleaning  procedures  on  the 
strength  of  stripped  fibers  is  shown  in  Table  2  where  the 
minimum,  median,  and  maximum  strengths  arc  listed  for 
the  various  cleaning  procedures.  It  is  clear  from  this 
Table  that  cleaning  procedures  also  have  an  effect  on 
Fiber  strength  but  one  that  is  less  than  that  of  stripping. 
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Table  l  *  Effect  of  Stripping  on  Fiber  Strength 


Fiber,  Lab 

Stripping  Condition 

Minimum 

Strength,  ksi 
Median 

Maximum 

Fiber  A,  Lab  1 

Unstrippcd 

701 

S10 

823 

Chemical  Stripper  1 

352 

751 

702 

Tool  l,  unclcancd 

100 

317 

811 

Too,' !,  cleaned 

no 

35S 

7CVS 

Too!  2,  uncleaned 

307 

712 

773 

Tool  2,  cleaned 

1SS 

751 

788 

Too!  3,  uncleaned 

•130 

7-10 

777 

Tool  3,  cleaned 

•130 

717 

781 

Fiber  B,  Lab  I 

Unstrippcd 

715 

7-10 

708 

Chemical  Stripper  1 

288 

700 

735 

Tool  1,  unclcancd 

107 

335 

751 

Tool  1,  cleaned 

Tool  2,  uncleaned 

111 

317 

021 

200 

57S 

720 

Tool  2,  cleaned 

232 

5S5 

730 

Tool  3,  unclcancd 

ISO 

708 

770 

Tool  3,  cleaned 

1SS 

005 

721 

Fiber  C,  Lab  2 

Unstripped 

723 

720 

73S 

Chemical  stripper  2 

231 

707 

72S 

'Fool  1,  unclcancd 

0 

1M 

250 

Tool  1,  cleaned 

07 

115 

057 

Tool  >1,  unclcancd 

107 

001 

731 

Tool  1,  cleaned 

201 

003 

735 

Fiber  D,  Lab  2 

Unstrippcd 

Tool  1,  cleaned 

721 

731 

712 

125 

IOO 

525 

Tool  2,  cleaned 

00 

230 

025 

Tool  3,  cleaned 

05 

250 

300 

Tool  •!,  cleaned 

130 

250 

72S 

Table  2  -  Effect  of  Cleaning  on  Fiber  Strength 


Fiber,  Lab 

Condition 

Minimum 

Strength,  k> 
Median 

i 

Maximum 

Fiber  A,  Lab  1 

Unstrippcd 

701 

SIO 

82S 

As  stripped,  Tool  1,  cleaned 

110 

358 

708 

Tool  1,  wiped  once  with  lingers 

111 

23S 

731 

Tool  2,  wiped  once  with  lingers 

100 

551 

770 

Tool  3,  wiped  once  with  lingers 

107 

551 

771 

Tool  1,  wiped  once  with  tissue 

70 

219 

713 

Tool  1,  wiped  twice  with  tissue 

52 

210 

710 

Tool  1,  wiped  5  times  with  tissue 

05 

I9S 

725 

Fiber  B,  Lab  1 

Unstrippcd 

715 

7-50 

70S 

As  stripped,  Tool  1,  cleaned 

111 

317 

021 

Tool  1,  wiped  once  with  lingers 

9S 

221 

515 

Tool  2,  wiped  once  with  lingers 

109 

305 

720 

Tool  3,  wiped  once  with  lingers 

100 

37-1 

723 

Tool  1,  wiped  once  with  tissue 

111 

338 

030 

Tool  1,  wiped  twice  with  tissue 

S3 

222 

555 

Tool  1,  wiped  5  times  with  tissue 

91 

219 

517 

Fiber  E,  Lab  2 

Unstrippcd 

079 

093 

701 

As  stripped,  Tool  2,  cleaned 

271 

580 

080 

Tool  2,  wiped  once  with  tissue 

27-1 

580 

019 

Tool  2,  wiped  twice  with  tissue 

179 

310 

003 

Tool  2,  wiped  5  times  with  tissue 

111 

371 

038 
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In  fact,  the  various  cleaning  procedures  all  had  similar 
effects  on  strength.  Typical  Wcibull  plots  for  the 
strength  of  cleaned  fibers  arc  illustrated  in  Figures  -I  and 
5  showing  a  distinctively  non-Wcibull  behavior. 

The  results  of  this  study  show  that  current  fiber 
stripping  and  cleaning  practices  cause  significant 
damage  to  the  stripped  section  of  liber  and  consequent 
strength  reduction.  It  would  appear  that  improved 
procedures  and  stripping  tools  are  desirable.  In 
addition,  it  would  he  very  desirable  to  design  fiber 
connectors  to  minimize  any  stress  on  the  stripped  length 
of  fiber.  Many  fiber  connectors  arc  supposed  to  provide 
strain  relief  to  the  stripped  section  but,  as  reported  by 
Wagner8,  fiber  failures  have  been  observed  in 
temperature-humidity  testing  of  such  connectors.  It  was 
concluded  that  stresses  are  imposed  on  the  fiber  in  such 
tests  because  of  the  mismatch  of  the  thermal  expansion 
coefficients  of  the  various  materials  in  the  connector. 

CONCLUSIONS 

Stripping  tools  and  cleaning  procedures  used  in 
preparing  the  ends  of  optical  libers  for  splicing  or 
connectorization  can  significantly  reduce  the  strength  of 
the  stripped  sccl'on  of  liber.  This  suggests  that  splices 
and  connectors  rimy  he  the  "weak-link"  in  a  deployed 
fiber. 
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Figure  1:  Elite!  ot  stripping  procedure  on  liber  strength. 
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Abstract 

Using  numerical  simulations,  relations 
bitween  geometrical  parameters  and  the  splice  loss 
of  mass  fusion  were  statistically  made  clear. 

The  calculation  consists  of  several  steps. 
In  these  steps,  two  major  factors  were  taken  into 
consideration.  One  is  a  lateral  offset  of  the 
cora  and  the  other  is  se'f-al’gnser.t  effect  due  ts 
surface  tension  of  melted  silica  during  fusion. 
The  offset  decrease  was  formularized  through 
experiments. 

Various  groups  of  parameters  were  compared. 
The  comparison  suggests  the  probable  achievements 
of  mass  fusion  splice  loss.  Corresponding 
experimental  splices  were  made  using  12-fiber 
ribbons,  and  the  average  loss  of  0.13  dB  were 
obtained.  The  simulation  was  proven  to  be 
reasonable. 


^Introduction 

Recently  a  quick  and  economical  way  of 
connecting  fiber-optic  cables  is  a  point  of 
Interest  especially  for  the  construction  of 
subscriber  networks.  In  constructing  subscriber 
networks  or  local  area  networks,  the  number  of 
splice  points  may  be  large  and  the  cost  per  splice 
should  be  much  lower.  Therefore,  more  economical 
technique  is  preferrable. 

To  satisfy  such  demands,  mass  fusion  splice 
technique  is  one  of  the  solutions.  Fusion  splice 
technique  has  been  widely  applied  to  trunk  lines 
where  the  splice  loss  should  be  attained  as  low  as 
possible.  Fusion  splice  has  been  developed 
starting  from  single  fiber  splice  to  twelve-fiber 
splice,  keeping  its  consistent  characteristics 
such  as  lower  splice  loss,  higher  reliability  and 
higher  efficiency.  Actually  it  was  reported  that 
12-fiber  SM  ribbons  were  splicable  with  less  than 
0.1  dB  in  a  laboratory  (1)  or  10-fiber  SM  ribbons 
were  spliced  with  average  loss  of  0.11  dB  in 
4  minutes  in  the  field. (2) 

But  many  researchers  or  engineers  referred  to 
limited  combinations  of  different  fibers  or 
identical  fibers.  Our  major  interest  is  the 
achievable  splice  loss  in  the  field  construction 
where  fibers  are  chosen  from  certain  groups  which 
have  certain  distribution  of  geometrical 
parameters. 

In  analyzing  this  problem,  some  mechanisms 
that  enable  lower  splice  loss  will  be  presented. 
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2. Background 

Conventionally  in  order  to  splice  single-mode 
fibers  (SHFs),  both  ends  of  the  two  fibers  to  be 
spliced  needed  to  be  aligned  to  meet  the  core 
because  both  cores  had  eccentricities  from  the 
centers  of  the  cladding  ('clad  center1).  For  the 
purpose  core  alignment  mechanisms  and  eccentricity 
detection  methods  such  as  LID  system  or  direct 
core  monitoring  system  were  developed. (Fig.  1-1) 
But  apparently  to  splice  ribbon  fibers 
(  ig.  1-2),  to  apply  and  extend  such  alignment 
system  (individual  alignment)  is  too  complex  and 
too  impractical.  Moreover,  owing  to  the 
manufactures'  efforts,  core  eccentricity  or  other 
parameter  mismatches  are  improving.  In  this  case 
it  is  unnecessaty  to  detect  the  core  position. 
Usually  each  pair  of  the  mating  fibers  have 
lateral  effsets  between  their  cladding  centers 
(clad  offset),  due  to  the  fact  that  the  fibers 
have  different  cladding  diameters  or  positioning 
of  the  fibers  onto  the  V-grooves  is  Improper. 
However,  small  clad  offsets  can  be  minimized  with 
the  help  of  surface  tension  effect  of  the  fused 
fibers.  Such  misaligned  fibers  have  a  clad  offset 
before  splice  and  it  will  decrease  during  fusion. 
In  these  situation,  there  still  remain  some  core 
offsets.  These  phenomenon  including  core 

deformation  are  schematically  illustrated  in 

Fig.  2.  In  case  of  mass  fusion  splice,  clad 
offsets  are  different  due  to  fiber  pairs  and  can 
be  minimized  after  splice  (Fig.  3).  According  to 
the  published  papers  mass  fusion  technique  is 
superior  in  achieving  stablly  low  loss. 

This  technique  is  performed  under  the  condition  : 

(A) Stable  fusing  area  over  a  wide  range, 

(B) Longer  fusing  period  excites  self-alignment 
force,  resulting  in  a  minimized  axis  offset, 

(C) Fusion  compensates  endface  defects  such  as 
cleaved  length  variance  or  endface  inclination. 


International  Wire  &  Cable  Symposium  Proceedings  1989  205 


CLAD  OFFSET  BEFORE  SPlICE  Poland 
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Spile*  loss  is  assumed  to  b*  caused  by  two 
major  factors  —  Intrinsic  and  extrinsic. 

nTotal  »«I  +  aE  -  (1) 

Intrinsic  factor  al  results  from  fiber  parameter 
mismatch.  Extrinsic  factor  t»E  results  from 
endfac*  qualities  or  endfac*  separation  and  they 
are  under  the  control  of  splice  craftsmen.  In 
case  of  above  mentioned  mass  fusion  process, 
cladding  diamet'  'smatch  or  cor*  eccentricity  is 
treated  as  or  trinsic  factors. 

To  pr<  .  the  advantages  of  longer  fusing 
period,  a  relation  of  clad  offset  between  before 
splice  and  after  splice  was  investigated.  Fig.  4 
shows  the  results,  where  tendency  seems  linear, 
thus  obtaining  a  following  formula:  — 

Pb  *  C  •  Pa  . (2) 

Here  Pa  denotes  clad  offset  before  fusion,  Pb: 
clad  offset  after  fusion,  C:  experimental 
constant.  The  decreased  ratio  was  0.7  for  4- 
second  fusion  and  0.1  for  10-second  fusion.  The 
data  suggest,  if  the  core  eccentricity  is  low,  a 
core  offset  before  splice  can  be  minimized  by 
taking  advantages  of  surface  tension,  thereby  core 
alignment  mechanisms  can  be  omitted. 


FXU  RELATION  OF  CtAO  OFFSET 
BETWEEN  BEFORE  SPEKE  AND  AFTER  SPi.Cc 


1  U.«a.U.l 

3-1. Assumption 

In  order  to  obtain  intrinsic  loss  at,  the 
relations  between  geometrical  parameters  and  the 
splice  loss  of  mass  fusion  was  analized  using 
numerical  simulations.  For  the  purpose  not  a 
single  parameter  but  a  group  of  parameters  subject 
to  different  distributions  that  represent  fiber 
geometry  was  considered  in  the  simulation.  To 
estimate  the  splice  loss  in  the  field  and  to 
simplify  the  discussion,  the  following  assumptions 
were  made:  — 

{A)0ne  oair  of  mating  fibers  is  chosen  at 
randoo  from  a  certain  fiber  group,  that  is 
defined  with  independent  parameters  which  are 
subject  to  predetermined  distributions. 

(B) Fiber  geometry  is  repesented  with  minimum 
number  of  Independent  parameters. 

(C) As  an  Intrinsic  cause  of  splice  loss,  only  a 
core  axis  offset  is  considered. 

(D) An  extrinsic  cause  is  represented  by  an 
empirical  splice  loss  of  identical  fibers. 

(E) In  mass  fusion  splice,  any  difference  due  to 
fiber  position  are  negligible. 

(FJSelf-alignment  effect  can  be  formularized 
simply  by  core  axis  offset  reduction. 

Using  this  simulation  method,  various  groups 
of  parameters  were  calculated  and  statistically 
compared.  The  comparison  suggests  the  probable 
achievements  of  the  splice  loss. 

To  determine  the  extrinsic  loss  of  mass 
fusion,  identical  12-fiber  ribbons  were  spliced. 
Fig.  5  shows  the  splice  loss  histogram  and  the 
average  loss  Is  0.05  dB.  This  figure  means  the 
probable  loss  in  mass  fusion  splice  including  a 
variance  due  to  endface  qualities  or  craftsmen's 
skill  at  present. 
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3-2. Geometrical  modal 

Four  independent  parameters  th«t  would  affect 
th#  splice  loss  were  chosen.  They  art  llstod  in 
Table  1  and  illustrated  in  Fig.  6.  (cladding 
diameter  0,  node  field  dianeter  W,  cladding  non- 
circularity  «c  ,  core  eccentricity  c  )  An  endface 
of  a  SHF  is  represented  by  an  ellipse  with  long 
radius  of  Xa  and  short  radius  of  Xb.  Cladding 
dianeter  0  is  defined  as  (Xa+Xb)/2  and  cladding 
non-circularity  k  is  defined  as  |  Xa-Xb  |  /D.  Core 
eccentricity  c is  the  distance  between  clad  center 
and  HFO  center. 


3-3. Procedure  of  the  simulation 


As  is  shown  in  Fig.  7,  the  simulation  starts 
from  preparation  of  groups  of  parameters  according 
to  real  data.  The  splice  loss  is  represented  by 
the  next  equation. 

«1  «  f  (0,  W.ie.c) - (3) 

To  simulate  the  reality,  normal  distribution  was 
chosen  for  cladding  diameter,  mode  field  diameter. 
Rayleigh  distribution  was  chosen  for  cladding 
non-circularity  and  core  eccentricity.  To  avoid 
extreme  values,  upper  and  lower  limits  were  set 
for  normal  distribution  and  upper  limit  was  set 
for  Rayleigh  distribution. 

In  the  second  step  clad  offset  PI  is 
calculated.  (Fig.  6-2}  Here  two  tangents  are 
generated  at  the  angle  of  6  degree  (the  bottom 
angle  of  the  V-groove).  The  angle  ♦  from  the  long 
radius  to  one  tangent  is  chosen  at  random  between 
-180  to  +180  degrees.  PI  is  defined  as  the 
distance  between  two  centers  of  the  cladding 
ellipses  and  derived  equation  is:  — 


TABLE  1  DEFHTION  OF  PARAMETERS 
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PI  =  V!  -  VJ  - (4) 


FK3.6  PARAMETERS  OF  FBERS 


International  Wire  &  Cable  Symposium  Proceedings  1989  207 


I  GENERATION  Cf:  HAliOH  NUHBERSl 


(2)  uatfrvi 

~xiz 

fa*e«c  rtwoi] 

L-iar-J 


<D 


uwowo  ONtw 
ws  crrstr 

UFIf*  ru5»» 

l 


[m 

(Kf 


MOW  OF 

[cwtwwn 


Ifwal  splice  LOSS  I 
RG.7  PROCEDURE  OF  CALCULATION 


•» 

Here,  vi  means  «  position  vector  from  th«  bottom  of 
the  V-groove.(See  Appondix  1) 

In  the  third  stop,  taking  surface  tension 
effect  into  consideration, 

P2  *  K  •  PI  (0<K<1)  .  (5) 

Here  the  same  value  is  substituted  to  K  as  C  in 
equation  (2). 

In  the  fourth  step,  the  core  position  is 
generated  at  the  distance  c  from  the  cladding 
center  to  the  direction  of  the  angle  f*  (0<  P<360) 
from  the  line  connecting  two  clad  centers.  Thus 
core  offset  P  is  calculated. (Fig.  6-3) 

p  -  (u*  +  C»)  -  (Uj  +  CJ) -  (6) 

»♦ 

Here,  ul  :  clad  center  position  after  fusion, 
(Ti  :  core  position  vector  from  clad  center.  Using 
generated  MFOs,  splice  loss  is  calculated  by 
substituting  these  values  into  Marcuse's 
formula:  — 


•'  '  -10  '»» <-5T$>  «*  “<« 

In  the  last  step,  extrinsic  loss  due  to 
fusion  aE  should  be  added.  From  the  splice 
results  of  identical  fiber  ribbon  shown  in  Fig.  4, 
Rayleigh  distribution  of  average  loss  0.05  dB  was 
generated  for  a£.  Final  total  splice  loss  was 
obtained  by  adding  a£  to  al  as  in  equation(l). 


FK3ER  GROUP  H 
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FIG. 8  SHULATED  RESULTS 


3-4. Starting  parameters  and  the  final  results 

Two  different  groups  of  starting  parameters 
were  chosen.  Fig.  8-1)  and  -2)  show  two  different 
histograms  of  simulated  804  splices  from  different 
groups  of  parameters.  Before  these  trials,  1608 
fibers  were  generated  that  were  subject  to 
predetermined  distribution.  The  number  of 
trials  (804)  were  found  enough  to  bare 
reproducibility.  Table  2  shows  their  starting 
parameters.  Fig.  8-1  shows  the  result  from  rather 
uniform  distributions  (similar  to  one 
manufacturer's  typical  data)  and  the  average  loss 
is  very  low,  whereas  Fig.  8-2  shows  the  result 
from  rather  scattered  distributions  (taken  from 
CCITT  recommendation  and  modified),  where  the 
average  loss  is  a  little  bit  higher.  But  still 
the  loss  is  low  enough  compared  with  conventional 
mechanical  connectors. 
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TABLE  2  NT1AL  VALUE  OF  THE  PARAMETERS 
At®  THE  SMJLATED  SPUCE  LOSS 
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H 
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0.35 
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0.8 

9.52 

0.14 
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4. Discussion  of  the  methods 
4-1. Reasonability  of  the  simulation 

Actu»l  splice  experiments  were  performed  with 
various  fiber  ribbons.  Tho  parameters  art  listod 
in  Tabio  3.  Thty  art  expected  to  rtprtstnt  a 
"rather  scattered"  distribution.  Fig.  9  shows  th* 
rtsult  of  tht  splict  loss,  where  avtragt  less  is 
around  0.13  dB.  Tht  valut  is  vtry  dost  to  tht 
estimated  loss  shown  in  Fig.  8*2. 


i't.wiiiyiii  Of 


intrinsic  splice  loss  fasten 


To  clarify  tht  dtptndtncy  of  tht  splict 
loss  on  tach  parameter,  avtragt  loss  wtrt  compared 
by  changing  starting  paraaottrs  ont  by  ont.  Froa 
tht  rtsults,  it  was  found  that  tht  avtragt  and 
maxlaua  of  tht  cort  tcctntricity  afftcttd  aost  to 
tht  splict  loss.  Fig.  10*1  and  -2  show  tht 
ttndtncy.  Froa  thtst  figurts  it  will  bt  said  that 
in  order  to  attain  lowtr  avtragt  splict  loss  ltss 
than  0.1  dB.  tht  avtragt  and  tht  aaxiaua  valut  of 
cort  tcctntricity  should  bt  ltss  than  0.3  ua,  0.6 
ua,  rtsptctlvtly.  Thtst  valuts  art  not 
lapracticai  idtal,  but  art  within  our  rtach  as 
listtd  in  Tablt  2,  group  H. 


5. Conclusion 


Using  numtrical  simulation  mtthod,  mass 
fusion  splict  achitvtmtnts  of  SHFs  wtrt  discussed 
and  statistically  obtained.  A  mechanism  that 
self-alignment  force  due  to  surface  ttnsion 
minimizes  clad  offset  wtrt  presented  and  it  was 
clarified  tht  linear  decrease  of  clad  offset  can 
explain  the  loss  achitvtmtnts. 

The  simulation  was  proven  probable  by  the 
comparison  betwten  actual  splict  results  and  the 
simulated  results.  The  simulation  taught  us  that 
core  eccentricity  is  the  most  important  factor. 
Mass  fusion  splice  loss  was  less  dependent  on 
other  parameters  such  as  cladding  diameter, 
cladding  non-circularity  and  HFD. 

In  other  words,  good  rtsults  will  be  obtained 
by  the  combination  of  mass  fusion  splice  technique 
and  the  conventional  fiber  geometries.  But  better 
results  will  be  obtained  by  combining  mass  fusion 
technique  with  better  fibers. 

This  simulation  method  was  found  valid  to  12- 
fiber  ribbon  splices  but  can  be  applied  to  any 
number  of  fiber  ribbons.  In  practical  aspects, 
this  analysis  supports  the  mass  fusion  splice 
technique  without  individual  core  alignment. 

We  would  like  to  express  our  thanks  to  our 


TABLE  3  PARAMETERS  OF  THE  SAMPLE  FBERS 
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FIG.10  EFFECT  OF  PARAMETERS 
ON  SPLICE  LOSS 
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<Appendix> 

l.The  position  vector  is  defined  as 


”  { i/xo2lon2»t.  Xb  2 -^on2,,,.,,  ♦  Xb|2 
'  ion  -  Ion  , 

Ian  ,>2|on2„.  Xb>2  ♦  Xb2  ] 

Ian  •$)  -  Ian  e, 

^’/xo  2lon2Pj*  Xb,2  j 


2. Equation  (6)  is  derived  from  the  figure  below. 


Here,  Oj  ;  clad  center,  Cj  ;  core  center. 
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Abstract 

For  subscriber  loop  networks  new  economical 
solutions  for  cables,  cable  accessories,  connec- 
tors  and  splicing  techniques  are  of  fundamental 
importance.  After  laboratory  investigations  the 
practical  applicability  of  recently  developed 
components  were  successfully  tested  in  a  field 
trial.  Host  emphasis  is  put  on  the  mass  splicing 
technique  by  which  all  ten  single  mode  fibers  of 
the  fiber  ribbons  can  be  simultaneously  fusion 
spliced  by  a  high  frequency  arc.  Hean  splice 
losses  of  0.07  dB  obtained  during  the  installa¬ 
tion  proove  that  the  concept  provides  the  basis 
of  future  subscriber  loop  networks. 


1.- Introduction 

The  present  optical  telecommunication  techniques 
have  been  developed  for  longhaul  transmission 
lines.  Despite  of  their  high  performance  they 
are,  for  economical  reasons,  not  an  appropriate 
solution  for  future  subscriber  loop  networks.  A 
completely  new  low  cost  design  of  all  components 
is  indispensable  to  meet  the  requirements  of  a 
high  quality  large  scale  production  and  installa¬ 
tion.  Because  of  the  much  shorter  distances 
between  interconnection  points  the  interconnec¬ 
tion  techniques  including  cable  accessories 
represent  a  much  larger  factor  of  cost  than  in 
trunk  lines.  The  cable  therefore  has  to  be 
optimized  in  respect  to  an  economical  splicing 
procedure  and  an  easy  assembling  of  cable  acces¬ 
sories.  The  ribbon  cable1  was  developed  to  meet 
these  requirements  and  the  demand  for  a  high 
fiber  density. 

Adequate  splice  organizers  and  closures  as  well 
as  cross  connecting  cabinets  and  main  distribu¬ 
tion  frames  for  ribbon  cables  were  also  pre¬ 
sented*.  A  new  low  cost  high  performance  connec¬ 
tor  design  based  on  plastic  parts  has  been 
developed1  to  provide  detachable  low  cost 
connections  in  the  switching  units.  The  mass 
splicing  technique  presented  in  this  paper 
completes  the  system  of  components  for  subscriber 
loop  networks. 

The  structure  of  future  subscriber  loop  networks 
may  be  a  star  net  similar  to  the  present  copper 
networks.  The  components  of  such  a  subscriber 


network  were  tested  by  building-up  a  small  scale 
model. 


2,-Ciblt 

2.1  Ribbon  Cable  Oesion 

According  to  cur  ribbon  cable  concept1  ribbon 
cables  with  different  fiber  numbers  can  be 
produced  without  changing  the  manufacturing 
process.  In  order  to  prove  the  most  critical 
design,  we  have  chosen  a  100-fiber  cable  for 
installation  in  our  test  line.  The  cable  contains 
10  ribbons  with  10  fibers  each.  Eight  ribbons 
contain  single  mode  fibers,  six  of  them  de¬ 
pressed-cladding  and  two  matched -cl adding.  Two 
ribbons  with  50  pm-core  graded  index  fibers  are 
involved  for  future  tests  of  the  concept  for  LAN- 
applications. 

The  ribbons  are  placed  in  a  central  plastic  tube 
one  on  top  of  the  other.  The  ribbon  stack  is 
twisted  in  order  to  optimize  the  bending  be¬ 
haviour  and  to  achieve  a  well  defined  mechanical 
operation  range.  To  guarantee  longitudinal  water 
tightness,  the  plastic  tube  is  jelly-filled  and 
wrapped  with  a  swelling  tape. 

Up  to  now  we  have  designed  different  types  of 
the  outer  sheath  suited  to  different  applications 
e.g.  pulling  into  ducts  or  burying  into  the 
ground.  For  special  environments  we  have  deve¬ 
loped  an  all  dielectric  cable  sheath.  Since  the 
test-cable  must  be  pulled  into  a  duct,  we  have 
chosen  metall  free  tensile  elements  and  a  LAP- 
sheath.  The  cable  design  ls  -shown  in  Fig.l. 
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Fig.  2:  Schematic  plan  of  the  test  line 
1,6  Cable  terminals 
2,3,4  Closures 
5  Cross  connecting  cabinet 


The  length  of  the  test  line  (Fig.  2)  is  1.54  km 
connecting  two  buildings  of  our  factory.  A  PE- 
tube  with  an  inner  diameter  of  45  mm  serves  as  a 
duct.  The  cable  is  divided  in  5  separate  lengths 
including  seven  turn-arounds  of  90’.  Between  the 
cross  connecting  cabinet  (no.  5  in  Fig.  2}  and 
the  cable  terminal  (no.  6)  two  parallel  cables 
are  laid.  A  length  of  680  m  of  the  duct  is 
located  under  the  ground  and  about  200  m  inside 
buildings.  The  remaining  length  of  660  m  leads 
over  bridges  and  along  the  outside  of  buildings 
and  is  therefore  exposed  to  all  temperature 
changes  over  the  year.  Thus  a  very  exacting  long 
term  test  condition  is  created. 

During  the  pulling  procedure,  a  maximal  pulling 
force  of  2.5  kN  was  measured.  The  attenuation  of 
the  fibers  was  measured  by  OTOR  after  cable 
manufacturing  (Fig.  3  a).  After  the  pulling  and 
splicing  procedure  the  attenuation  of  one  of  the 
cable  length  was  remeasured  (Fig.  3  b).  The  mean 
value  is  nearly  the  same  in  both  cases  indicating 
that  the  pulling  and  installation  procedure  did 
not  influence  the  fiber  properties.  In  addition 
to  the  various  tensile-, bending-  and  flexing- 
tests  in  the  predevelopment  phase,  these  results 
show  the  suitability  of  our  ribbon  cable  design 
to  practical  use. 


Fiber  attenuation  CdB/'kmT 


Fig.  3  a:  Histogram  of  fiber  attenuation  at  1300 
nm  after  cabling  before  installation 


Fiber  attenuation  CdB/'kmD 


Fig.  3  b:  Histogram  of  fiber  attenuation  at  1300 
nm  after  installation 
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3.  Cable  Accessories 


3.1  gullet  Closures 

To  connect  the  cable  lengths  of  this  experimental 
network  three  cable  closures  were  assembled.  One 
of  the  closures  (no.  2  in  Fig.  2)  was  placed  in  a 
building,  one  (no.  4)  in  a  culvert  and  one  (no. 
3)  in  the  aerial  section  of  the  cable  line  thus 
exposing  the  latter  to  severe  environmental  test 
conditions. 

The  closure  types  chosen  are  field  proved  both 
in  copper  and  fiber  optic  networks.  To  store  the 
ribbon-to-ribbon  connections  and  the  appropriate 
splicing  and  repair  lenghts  the  closures  were 
provided  with  one-  and  two-chamber  splice  organ¬ 
izers1.  The  two  chamber  splice  organizer  can  be 
taken  out  of  the  splice  closure  to  place  it 
closer  to  the  mass  splicer.  The  required  mani¬ 
pulation  length  is  stored  in  the  inner  part  of 
the  subdivided  storage  chambers. 

After  the  preparation  of  the  cable  ends  and  the 
closures  the  fiber  ribbons  are  inserted  into  the 
splice  organizers  prior  to  the  splicing  pro¬ 
cedure.  Before  starting  the  splicing  procedure 
the  ends  of  the  fiber  ribbons  are  to  be  pulled 
out  of  the  splice  organizer.  Thus  length  is 
gained  to  lead  the  ribbons  to  the  splicing 
equipment.  When  the  splicing  procedure  is  fin¬ 
ished  the  ribbons  and  the  protected  splice  are 
pushed  back  into  the  organizer. 


3jJLCrg»  Connecting  Cabinet 

The  cross  connecting  cabinet  (no.  5  in  Fig.  2) 
is  equipped  with  cable  terminals,  each  of  then 
consisting  of  plug-in  units  in  a  modular  design. 
In  each  of  the  plug-in  units  one  ribbon  is 
spliced  to  ten  individual  pigtails.  Each  pigtail 
is  terminated  by  a  high  performance  plastic 
connector  plug. 

The  splicing  of  a  fiber  ribbon  to  a  multitude  of 
single  pigtails  is  carried  out  employing  a  fiber 
planarizer  to  get  the  pigtails  into  a  ribbon  like 
structure.  The  principle  of  the  planarizer  is 
shown  in  Fig.  4.  The  fibers  are  fed  into  the  slit 
1  one  after  the  other,  pushed  into  close  contact 
by  the  blades  3  while  lowering  the  slide  2  and 
fixed  by  the  holder  4.  The  holders  can  be  taken 
out  of  the  planarizer  and  remain  on  the  fibers 
until  the  splice  is  protected.  The  same  holders 
are  used  for  handling  the  ribbons. 

Both  splicing  lenghts  of  the  fiber  ribbon  and 
the  fiber  pigtails  are  stored  in  separate 
chambers  of  an  integrated  splice  organizer.  The 
terminated  fibers  can  be  connected  by  pre- 
connectorized  jumper  fibers.  Their  overlengths 
are  stored  in  storage  disks  kept  within  the  plug¬ 
in  units. 


Fig.  4:  Planarizer 


U_C able  Termination  Racks 

At  the  ends  of  the  trial  network  cable  two 
termination  racks  were  Installed.  One  of  them 
(no.  6  in  Fig.  2)  Is  of  standard  design  as  used 
by  different  telephone  companies.  The  bracket 
mounted  splicing  field  contains  ten  splice 
organizers  which  are  each  mounted  on  a  distri¬ 
bution  plate.  The  fibers  of  the  fiber  ribbon  are 
spliced  to  single  fiber  pigtails  provided  with 
connector  plugs  as  described  above.  The  splicing 
and  repair  lenghts  are  stored  in  the  splice 
organizer  and  the  single  fiber  pigtails  are  fixed 
separately  (one  by  one)  to  the  distribution 
plate.  To  facilitate  assembling  the  spiice  field 
can  be  turned  out  of  the  rack. 

The  pigtails  of  the  outside  plant  cables  are  led 
to  the  rear  side  of  the  connector  port  which  is 
mounted  on  a  drawer.  To  insert  the  plugs  into  the 
adaptors  from  the  rear  side  the  drawer  is  pulled 
out.  Devices  are  connected  from  the  front  side. 
The  other  cable  termination  (no.  1)  is  set  up  by 
a  19  inch  rack  to  demonstrate  industrial  applica¬ 
tions  as  used  in  local  area  networks  (LAN).  The 
fiber  ribbons  of  the  outside  plant  cable  are 
terminated  in  patch  panel  units.  The  frontside  of 
these  units  consists  of  moduls  carrying  up  to  six 
connector  adaptors.  The  fibers  of  the  fiber 
ribbons  are  spliced  to  single  fiber  pigtails 
provided  with  connector  plugs  to  be  Inserted  in 
above  mentioned  adaptors.  Splices  including 
appropriate  splicing  and  repair  lengths  of  the 
fiber  ribbon  and  the  single  fiber  pigtails  are 
stored  in  splice  organizers  as  used  in  splice 
closures. 

At  the  front  of  the  patch  panel  the  fibers  of 
different  outside  cables  can  be  connected  via 
pre-connectorized  jumper  fibers. 
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4.  Connectors 

Th*  connector3  developed  for  subscriber  loop 
applications  meets  the  requirements  of  a  low  cost 
device  with  single  mode  precision  by  employing 
the  V-groove  fiber  alignment  principle.  In  the 
laboratory  the  connector  has  proven  Its  supreme 
transmission  characteristics  with  a  mean  loss  of 
0.05  dB,  a  loss  repeatability  of  0.01  dB  and  a 
mean  return  loss  of  more  than  40  dB  for  single 
mode  fibers. 

After  assembling  the  connector  pigtails  in  the 
lab  the  plug-in  units  of  the  cable  terminal  are 
completed  in  the  field  by  mass-splicing  the  fiber 
ribbons  to  the  pigtails  as  described  above. 


5.  Hass  Splicing 
5.1  Fiber  Preparation 

The  splicing  procedure  starts  by  pulling  the 
ribbons  out  of  the  organizers.  The  already 
mentioned  holders  of  the  planarizer  are  attached 
to  the  ribbons.  The  coating  of  the  ribbon  is  then 
removed  employing  a  thermo-mechanical  method. 

The  most  important  precondition  for  low  loss 
splicing  is  an  endface  preparation  resulting  in 
mirrorlike  endfaces  and  low  cndface  angles  in 
respect  to  the  fiber  axis.  Multiple  endface 
preparation  furthermore  requires  a  small  differ¬ 
ence  in  lenght  between  the  fibers. 

In  the  field  trial  we  used  a  fiber  cleaver4 
based  on  the  well  known  principle  of  scoring  the 
bent  and  stressed  fibers.  It  delivers  endface 
angles  of  0.5  degree  in  average  (Fig.  5)  and 
differences  in  fiber  length  of  approx.  5  pm. 
Since  the  reliability  of  the  unit  is  very  high 
the  endface  angles  were  not  measured  during  the 
field  trial. 


Endface  angle  C*3 


Fig.  5:  Histogram  of  endface  angles  for  multiple 
endface  preparation 


5.2  EUilfliLifllkiiig 

The  fusion  splicer  used  in  the  field  trial  is 
based  on  the  same  theoretical  and  practical 
investigations  about  the  fiber  geometric 
tolerances4  which  led  to  the  design  of  the 
plastic  connector.  For  both  applications  the 
geometric  tolerances  like  excentricity,  non¬ 
circularity  and  diameter  variations  are  low 
enough  so  that  a  core-core  alignment  is  not 
necessary.  In  case  of  a  passive  alignment  in  V- 
grooves  the  resulting  lateral  offset  of  the 
cores  is  typically  below  0.5  pm,  resulting  in  a 
average  contribution  of  less  than  0.1  dB  to  the 
loss  of  the  splice  or  connector. 

The  fusion  splicer  therefore  does  neither  imply  a 
XY-alignment  system  nor  a  system  forgetting 
information  about  the  position  of  the  fiber 
cores  like  core  monitoring  or  local  injection 
and  detection.  The  central  part  of  the  splicer 
(Fig.  6)  is  a  block  1  with  high  precision  V- 
grooves  and  a  sparing  for  the  electrodes  2,2'. 
On  both  sides  of  the  central  V-groove  block  the 
ribbon  holders  3,3'  are  inserted  into  translation 
tables  4,4'  which  can  be  moved  by  stepping 
motors.  Thus  an  initial  gap  between  the  fiber 
ends  can  be  set  prior  to  fusion  during  which  the 
fibers  can  then  be  stuffed  as  defined. 

The  electrodes  are  arranged  in  a  horizontal 
plane  with  a  small  offset  in  respect  to  the 
ribbon  plane  providing  an  isothermal  heat 
distribution  to  the  fibers.  The  fibers  are 
heated  simultaneously  by  a  high  frequency 
discharge.  After  the  setting  of  the  initial  gap 
the  fibers  are  prefused  and  stuffed  during  the 
fusion.  The  stuffing  length  is  40  pm  with  a 
deviation  of  about  10  pm  due  to  the  individual 
differences  in  fiber  lengths  after  the  endface 
preparation.  All  ten  fibers  can  be  observed 
simultaneously  unidirectional  on  an  external  TV- 
screen  via  a  CCD-camera.  During  and  after  the 
fusion  process  a  visual  inspection  of  the  splices 
is  possible  which  in  our  experience  is  sufficient 
to  detect  bad  splices. 

The  matched  cladding  and  the  depressed  cladding 
fibers  were  spliced  with  the  same  set  of  splicing 
parameters  without  any  significant  difference 
in  splicing  results.  A  histogram  of  the  splice 


3  2*  3’  *' 


Fig.  6:  Central  part  of  mass  splicer 
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losses  of  th«  single  mode  ribbons  within  the  test 
line  closures  is  shown  in  Fig.  7.  The  mean  loss 
of  0.07  d8  is  slightly  higher  then  the  laboratory 
result  of  0.0S  dB  obtained  for  repair  splices 
before  the  field  trial.  In  repair  splices  of 
ribbons  the  geometric  tolerances  of  the  fibers  do 
theoretically  not  influence  the  splice  loss 
because  In  a  ribbon  the  fibers  can  not  be  turned 
around  their  axis.  In  the  field  trial  the  spliced 
cable  sections  originated  from  the  sane  cable  but 
were  drawn  in  different  directions.  This  way, 
different  parts  of  the  fibers  were  spliced.  Since 
the  gcoaetry  of  the  fibers  varies  slightly  along 
the  fiber  length  the  situation  in  the  field  trial 
was  comparable  to  the  splicing  of  non-identical 
ribbons. 

Laboratory  tests  with  non-identical  ribbons 
included  fibers  of  different  Manufactures  and 
resulted  therefore  in  an  ever,  higher  average 
splice  loss  of  0.11  dB. 

The  splice  loss  htstogr**  for  Gl-ribbons  is 
shown  in  Fig.  8. 


Fig.  7:  Histogram  of  splice  losses  at  1300  nm 
for  single  mode  ribbons. 


5.3  Splice  Protection 

As  splice  protection  a  sandwich  structure  was 
used.  Two  sheets  of  a  ductile  and  adhesive 
Material  are  attached  between  two  rigid  plates. 
The  protection  Is  accoMplished  by  pressing  the 
parts  froo  both  sides  to  the  splice.  Heating  is 
not  necessary. 

There  is  i.o  additional  loss  due  to  the  splice 
protection.  Temperature  cycling  between  •  40*C 
and  60*  C  and  high  humidity  up  to  95  X  on  test 
sasples  before  the  field  trial  did  not  lead  to 
any  significant  change  of  the  splice  losses.  The 
tensile  strength  of  the  protected  splices  is 
about  40  N. 

The  last  step  of  the  splicing  procedure  is  to 
push  the  ribbons  back  into  the  storage  chaMbers 
of  the  splice  organizer  and  insert  the  splice 
into  the  organizer. 


6.  Conclusions 

The  Mass  splicing  technique  leads  to  a  signifi¬ 
cant  reduction  of  installation  time  providing 
splice  losses  close  to  those  obtained  in  present 
single  fiber  techniques.  The  results  of  the  field 
trial  indicate  that  ail  components  for  a  star 
shaped  subscriber  loop  network  can  soon  be  tested 
in  a  public  network. 
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ABSTRACT 

A  now  pre-ennneci«rlzed  mingle  mode 
1000-riber  cable  has  been  developed  and 
Introduced  Into  fiber  optic  cable 
subscriber  network*.  The  feature*  of  thi* 
cable  are  described  a*  follow: 

].  It  employs  the  structure  that  can 
control  the  length  of  the  fiber  ribbon  by 
turning  the  fiber  once  and  changing  the 
length  of  the  loop  whether  into  longer  or 
shorter  and  store  the  1000  fiber*  with  5 
banks,  200  fibers  In  each  bank. 

2.  The  pulling  hardware  which  contains 
1000  fiber  plugs  inside  has  bonding 
flexibility  and  tensile  strength  good 
enough  to  endure  the  force  of  cable 

installations. 

Various  tests  to  evaluate  the  1000- 
fiber  cable  have  been  carried  out  and 
the  results  have  proved  that  the  pre- 
connector  l  xed  cable  has  excellent 
characteristics. 

I.  INTRODUCTION 

The  number  jf  optical  fibers  in  the 
cable  used  for  the  subscriber  networks  has 
been  Increased  year  after  year.  A  few 
years  ago,  a  maximum  200  fiber  cable  was 
introduced,  then  a  maximum  600  fiber  cable 
soon  after;  last  year,  it  increased  to 
maximum  1000  fiber  cable.  It  becaae 
necessary  to  Lave  a  pre-connecturized 
cable  which  pre-connectori zed  In  the 
factory  so  that  it  could  shorten  the  Line 
at  the  installation  fields  and  respond 
promptly  to  the  needs  of  the  increased 
number  of  subscribers. 

One  of  the  biggest  characteristics 
of  the  newly  developed  pre-eonneetorixed 
cable  wb ‘eh  can  store  up  to  1000  nbers 
of  SM-8  fiber  ribbons  is  that  for  this 
storing  capacity,  it  is  small  and  flexible 
so  that  it  is  readily  installed.  The 
pulling  hardware  can  store  two  kinds  of 
pce-eonneetorlxed  1000  fiber  cables:  one 
is  to  store  125  plugs  oT  8  fiber  ribbon, 
and  the  other  is  to  store  250  plugs  of  1 
fiber  ribbon.  The  paper  describes  the 
structure  and  characteristics  of  the  new 
pre-eonnectorized  cable. 


2.  STRUCTURE 
2-1.  CABLE 

As  seen  In  figure  I,  the  cable  has 
a  tensile  strength  member  in  the  center 
with  five  slotted-rods  mround  it  end  a 
sheath  covering  them.  A  alolted-rod  has 
five  square-shaped  spiral  grooves  in  which 
five  8M  8-fiber  ribbons,  10  fibers,  can  be 
stored  in  each  groove.  Therefore,  one 
slotted-rod  can  store  25  8-flber  ribbons, 
200  fibers,  and  a  total  125  8-flber 
ribbons,  1000  fibers,  in  a  cable. 


Fiewri.STnucTune  Of  a  looo-fnea  cake 
wrm  *•**« 


2-2.  FIBER  RIBBON 

The  SM  8-fiber  ribbon  which  is  used 
Tor  the  1000  fiber  cable  can  b«  divided 
into  two  4-flber  ribbons  by  the  hand  or 
with  a  ribbon  separating  tool.  When  ail 
the  8-flber  ribbons  of  the  1000  cable  are 
divided  into  two  4-riber  ribbons  each,  a 
total  number  of  the  4 -fiber  ribbon  becomea 
250  ribbons  that  require  250  connector 
plugs  for  a  pre-connectori zed  cable.  Also, 
it  becomes  possible  to  have  a  SM  8-fiber 
ribbon  on  one  end  of  the  cable  and  SM  4- 
fiber  ribbon  on  the  other  end. 
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2-3 .  CONNECTOR 

The  structure  of  the  connector  is 
shown  In  figures  2  and  3.  When  the 
connector  Is  used  In  the  fiber  optic 
networhs(  the  fiber  ribbon  rttn  be 
aechani rally  transferred  froa  one  ribbon 
to  another  at  high  speed  by  using  the 
cable  transferring  s.vs tea.  Thust  it  is 
railed  "aechanically  transferable 
connector,  HT  connector,  depending  on  the 
nuaber  of  fibers  in  a  fiber  ribbon,  the 
two  hinds  of  ferrules,  one  for  4-fiber  and 
the  other  for  S-fiber  ribbons,  are 
provided.  The  difference  between  these  two 
ferrules  Is  only  the  nuaber  of  the  fiber 
receiving  holes  in  which  optical  fibers 
are  inserted  one  has  4  holes  and  the 
other  V  holes.  The  structure  and  the  sixe 
of  both  ferrules  are  the  saae.  The  two 
big  holes  on  both  sides  of  the  ferrule 
anting  face  are  for  the  alignaent  pins 
that  are  aade  of  stainless  steel  of  0,7  aa 
disaster.  The  fibers  of  the  ribbon  are 
inserted  into  the  receiving  holes  between 
the  pin  holes  and  fixed  with  an  adhesive 
agent.  The  installation  procedure  of  the 
ferrule  onto  the  fiber  ribbon  starts  wLth 
an  attachaent  of  a  rubber  boot  to  the  back 
of  the  ferrule  then  a  fiber  ribbon 
inaertion  into  the  hole*.  Then  applying 
the  adheaive  agent  and  hardening  it,  the 
ferrule  anting  face  is  poliahetl  to 
coapiet*  the  Job. 

At  the  Installation  field,  the 
alignaent  pins  are  attached  to  one  of  the 
ferrule  or  the  pair  and  the  refractive 
index  patching  gel  is  applied  between  the 
ferrule*.  Then  both  ferrules  sre  pushed 
against  by  the  plate  spring  with  a 
pressure  of  1  Kgf  to  get  a  stable  optical 
coupling.  The  ferrule  is  aade  of 
theraoset  epoxy  resin  and  aoldcd  using  a 
preciaion  transfer  adding  aethod. 

The  dimensional  precision  uf  the 
center  of  the  fiber  receiving  holes  are 
lean  than  I  ua  and  of  the  alignaent  pin 
pitch  is  less  thsn  2  ua. 

The  coupling  loss  of  the  connector  is 
shown  in  figure  4.  The  aversge  connecting 
loss  of  the  SM  8-fiber  ribbon  is  0.27  dB 
and  of  4-fiber  ribbon  is  0.25  dR  with 
aeaauring  wave  length  1.3  ua.  The  results 
of  other  evaluation  teats  on  the  connector 
are  shown  in  the  table  I . 

The  pre-connector i xed  fiber  optic 
cable  haa  been  widely  used  in  the 
subscriber  cable  networks.  Coapared  to 
the  fusion  splicing  aethod,  the  pre- 
connector  i xed  cable  can  greatly  shorten 
the  tiae  for  joining  work  at  the  field  and 
aake  a  cable  branching  proaptly  for  new 
custoaers.  Although  the  connection  loss 
aay  be  greater  than  that  of  the  fusion 
splicing,  the  increased  loss  would  be 
still  low  enough  to  aeet  an  acceptable 
level.  Especially,  in  case  of  a  very  high 
fiber  count  cable  like  the  1000-fiber 
cable,  which  has  nnny  ribbons  as  125  of  8- 


fiber  ribbon,  the  pre-connector l »ed  cable 
can  finish  the  job  auch  faster  than  the 
fusion  splicing.  What  is  acre,  in  case  *- 
fiber  ribbon  is  divided  into  two  4-fibcr 
ribbons,  the  aaxlaua  nuaber  of  the  ribbon 
will  be  250  which  would  aake  the  balance 
of  the  connecting  tiae  between  the  fusion 
splicing  und  pre-connector i xed  cable 
joining  auch  greater. 
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Figure  .3  A4T-CONNECTOR 
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2-4.  JOINT  CLOSURE 

Th*  pre-connec tor i sed  cable  is 
stored  in  the  Joint  closure  in  th*  manhole 
of  th*  field.  Aw  ah own  in  figure  5,  it  is 
stored  after  removing  the  flexible  howe 
and  pulling  wire. 


Figur*.8.JOiKT  CLOSURE 


2-$.  PULLING  HARDWARE 

The  wtructure  of  th*  pulling  hardware 
of  th*  1000-fiber  pre-connector iaed  cable 
with  8-fiber  ribbon  ia  ahown  in  figure  0. 
Th*  pulling  hardware  atorea  th*  connector 
pluga  and  protect*  then  froa  external 
force,  and  the  cable  ia  installed  by 
pulling  the  hardware  at  the  field.  Th* 
requirement*  of  th*  hardware  for  th*  1000 
fiber  cable  are  aa  follow*: 

1}  It  aunt  be  airtight  ao  that  there  will 
be  no  huaidity  inaide  of  the  cable. 

2)  It  aunt  have  a  bending  flexibility  to 
make  the  cable  inatallation  easier. 

3)  The  sheath  and  tensile  strength  aeaber 
of  the  cable  auat  be  fixed  to  the  pulling 
hardware  ao  that  there  will  be  no 
discrepancy  between  then  during  the  cable 
installation. 

4)  The  aaxiaua  outer  diameter  aust  be  leas 
than  Tlaa  . 

5)  Considering  the  workability  of  at  the 
installation,  the  total  length  aust  be 
leas  than  1200  aa. 

6)  The  length  of  the  pre-connectorlzed 
fiber  ribbon  aust  be  in  the  range  of  580  - 
900  aa. 

7)  Considering  the  inatallation  condition, 
there  should  be  no  effect  on  the  optical 
fiber  ribbon  and  on  the  connector  plug 
even  if  pulled  with  aaxiaua  150  kgf,  angle 
90  degree,  aaxiaua  bending  radius  600  aa 
as  well  as  there  should  be  no  leakage  of 
air. 
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Figur«.6.PUUING  HARDWARE  OF  1000-FBER  CABLE 
WTH  8-FIBER  RIBBONS 


In  order  to  obtain  nlrttghtness  in 
the  pull  in*  hardware,  It  l*  equipped  with 
sealing  rings  on  the  Joint#  of  the  spacer 
part#  and  the  flexible  hose,  of  the  cap 
and  flexible  hose,  and  of  the  cap  and 
pulling  wire*  Also,  It  holds  a  shrinkable 
tube  and  a  sealing  tape  between  the  outer 
aetal  and  the  cable  sheath,  and  then  they 
are  coapreased  by  squeezing  and  deforming 
the  outer  metal  to  obtain  the 
airtightness.  the  bending  flexibility  of 
the  pulling  hardware  Is  kept  by  using  the 
flexible  nulling  wire  and  a  flexible  hose 
which  Is  made  of  two  kinds  of  plastics, 
sort  and  hard.  To  unite  the  cable 

sheath  and  the  tensile  strength  member, 
the  cable  sheath  Is  held  between  the  Inner 
metal  and  outer  metal,  then  It  Is  fastened 
by  squeezing  and  deforming  the  outer 
metal.  The  Inner  metal  Is  attached  to  the 
connecting  rod  which  Is  joined  to  the 
tensile  strength  member  of  the  cable.  Tie* 
circular  protection  disks  and  fiber  ribbon 
protection  metals  are  attached  to  the 
central  pulling  wire.  The  circular 
protection  disks  prevent  the  flexible  hose 
from  deforming  by  an  external  force.  The 
ribbon  protection  metal  protects  the  extra 
length  of  the  plug  mounted  fiber  ribbon. 
The  organisation  of  the  plug  mounted  fiber 
ribbon  in  the  pulling  hardware  Is 
explained  below. 

It  would  be  ideal  if  the  length  of  all 
the  fiber  ribbons  with  plugs  for  the  pre- 
conneetoristed  cable  is  the  same,  nnd  if 
the  plugs  can  be  stored  all  in  one  pine. 
However,  in  this  case,  it  would  make  the 
outer  diameter  of  the  connector  too  large. 
Since  the  regulated  outer  diameter  of  the 
pulling  hardware  of  the  pro-connecturi zed 
cable  is  less  than  71  mm  diameter,  the 
plugs  have  to  be  stored  in  several  banks 
in  the  direction  of  length  to  keep  the 
outer  diameter  small.  Considering  the 
size  of  ferrule  and  a  way  to  store  the 
plugs  without  any  damage  to  them,  5  banks 
with  25  plugs  each  is  appropriate  in  ease 
of  SM  8-fiber  ribbon  plug.  Tf  the  fiber 


ribbon  is  divided  into  5  dirrorent  lengths 
and  stored  separately,  the  length  of  the 
pulling  hardware  of  the  pre-conneotorized 
cable  becomes  longer,  and  It  causes  a 
trouble  with  the  extra  100  mm  of  ribbon 
length  which  is  provided  for  a  posaible 
failure  at  the  plug  mounting  In  the 
factory.  Therefore,  the  length  of  the 
fiber  ribbons  is  unified,  and  the  plugs 
are  divided  into  5  banks.  Then  the  ex* ra 

length,  which  may  be  brought  up  when  the 
plugs  are  stored,  and  the  other  extra 
Sincerely, length  as  a  provision  for  plug 
mounting  failure,  are  treated  as  follows! 

making  fiber  ribbons  a  turn  on  the  way 
to  the  plugs,  a  bank  at  n  time, it  protects 
the  part  which  has  made  a  turn  with  a 
plastic  storage  bag.  The  change  of  the 
fiber  length  occurring  during  the  storage 
of  the  ping  is  absorbed  by  eontrolllng  the 
length  of  the  turn.  The  fiber  ribbon 
protection  metal  is  responsible  for  the 
maintenance  anti  protection  of  the  Fiber 
ribbon  in  the  storage  bags. 

The  method  oT  calculation  of  the  fiber 
ribbon  length  in  the  pulling  hardware  is 
explained  next.  tsee  figure  7)  Assume 
the  constants  ns  follows; 

The  distance  between  the  end  of  the  spacer 
and  the  first  ping  holder  . A 

the  distance  between  the  end  of  the  spacer 
nnd  the  second  plug  holder . H 

the  distance  between  the  end  of  the  spacer 
nnd  the  third  plug  holder . l* 

the  distance  between  the  end  of  the  spacer 
nnd  the  fourth  plug  holder . .1) 

the  distance  between  the  end  of  the  spacer 
and  the  fifth  plug  holder  . . K 

the  minimum  bending  radius  in  the  storage 
bag . K 

the  length  oT  the  fiber  ribbon  with  plugs 
from  the  end  of  the  spacer. ...... .1. 

the  length  of  the  ertrn  fiber  ribbon  as 
provision  for  failure  in  plug  mounting  ... 
. 1 

the  length  of  the  storage  bag . h 
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Flgurs.7 .ARRANGEMENT  OF  THE  F«R  W860N  LENGTH 
IN  THE  PULLING  HARDWARE 


The  Minimum  length  to  more  In  the 
storage  bag  in  K+i*t,  but  it  in 
appropriate  to  make  It  g*i*s*r  In 
consideration  of  the  extra  length  in  ease 
of  a  plug  Mounting  failure.  The  distance 
A  -  F.  is 

described  a*  followa: 


A*  {L-  (t  «  R  +  F  +  E  — A)  ) 

•  •  •  U) 

BE  U-  (***  +  F  +  E-B)  1 

•  •  •  <«) 

CE  (L-  (1 sI  +  F+E-C)  ) 

•  •  •  (3) 

DE  i  L—  (la R+F+E-D)  | 

• '  *  (4) 

EE  (L-*  a  R  +  F) 

• •  •  (S) 

K>IR  +  (F  +  E-A)  /I 

•  •  •  (6) 

the  length  of  extra  fiber  ribbon  can 
be  obtained  by  inserting  a  conditional 
value  In  (1)  -  16). 

However,  when  SM  8-Tiber  ribbon  oT 
the  1000  fiber  cable  i*  divided  into  two  4 
fiber  ribbon*,  the  number  of  the  plug 
becomes  250,  and  it  would  require  10  plug 
holder*,  if  it  i*  considered  as  the  8- 
fiber,  which  would  make  the  storage 
difficult  by  Merely  turning  once. 
Therefore,  in  this  case,  800  fibers,  200 
plugs,  should  be  stored  first  after  Making 
a  turn,  and  the  rest  of  200  fibers,  50 
plugs  should  be  straighten  out,  then  the 
extra  length  for  failure  protection  can  be 
rolled  around  the  cylindrical  sponge  which 
has  the  saae  length  as  the  length  for  the 
failure  protection. 

In  addition  to  it,  a  flat  sponge  can 
be  rolled  over  to  protect  thea  as  shown  in 
figure  8. 


>rw.«c  Htaowxx  or  Moo-r«*e*tf 
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.1 .  PROPERTY 

The  result  of  the  evaluation  tests  is 
shown  in  the  table  2.  The  temperature 
cycling  test  was  conducted  for  three 
cycles  a  day  with  a  range  of  -20  C  to  66  C 
degrees,  total  10  cycles,  and  it  confirmed 
that  there  was  no  leakage  of  air.  The 
squeexe  test  was  conducted  with  a  testing 
system  shown  In  figure  9.  The  test  was 
given  for  15  tiaes  under  the  condition  o t 
15Q  kgf  tension  with  600  mm  of  radius  and 
90  degree  angle  tt  see  if  there  was  any 
leakage  of  air,  physical  loss  or  damage, 
and  to  measure  residual  loss  of  fiber. 
The  residual  loss  was  checked  by  measuring 
the  loss  before  storing  "*he  fiber  ribbon 
with  plugs  in  the  pulling  hardware  of  the 
pre-eonneetorlxed  cable  and  after  taking 
it  out  of  the  pulling  hardware  and  by 
measuring  the  changes  in  the  loss.  The 
bending  test  ic  given  by  using  a  bending 
test  machine  in  COO  mm  of  radius  and 
examined  air  leakage,  physical  loss  or 
damage,  and  residual  loss.  The  pulling 
test  was  conducted  under  the  condition 
that  the  cable  sheath  was  squeezed  and 
fastened  with  the  outer  metal  and  inner 
metal  but  measured  that  the  seizing  power 
is  more  than  70  percent  greater  than  the 
strength  of  the  cable  sheath.  The  result 
were  all  favorable. 
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Figo*».», SQUEEZE  TEST  SYSTEM 


4.  COSCl.US  ION' 

The  development  of  the  SM  1000  pre- 
connector  l  ssed  cable  has  brought  a 
significant  effect  on  the  shortening  the 
installation  tine  and  simplification  of 
the  Joining  work.  it  is  a  far  better 
progress  even  though  the  Manufacturing 
process  in  the  factory  has  been  sore 
complicated  because  oT  this  pre- 
connector! *cd  cable  which  wag  accompanied 
with  a  high  density  and  high  count  of 
fibers.  The  pre-eonneetorlxed  cable  has 
been  Introduced  in  actusl  circuits,  but  by 
this  tine,  there  has  been  no  trouble 
arisen. 

The  use  of  the  pre-connector  I xed 
cable  with  high  density  and  high  count  of 
fibers  will  be  increased  rapidly. 
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ANST1ACT 

A  high  speed  and  Cully  automatic  mass-fusion 
splicer  for  single-mode  optical  fiber  ribbon  has 
been  developed.  All  splicing  processes  .  from 
fiber  end  preparation  to  reinforcement,  are 
carried  out  automatically.  Its  performance  has 
been  evaluated  fev  hlgh-count  optical  subscriber 
cables  In  the  field.  An  average  splice  loss  of 
0.09  dB  and  an  average  splicing  time  of  about  5 
min.  have  been  obtained. 


1.  imWOUCTION 

In  the  construction  of  optical  subscriber 
lines,  a  large  number  of  fiber  splices  are 
required  for  high-density,  high-count  optical 
fiber  cables^).  Since  splicing  requires  much 
labor,  highly-efficient  fiber  splice  techniques 
arc  indispensable  for  cost  saving  for  and 
shortening  the  construction  period.  To  date, 
several  semi-automatic  fusion  splicers^' 
have  been  developed.  However,  these  ntill 
require  some  manual  operations  such  as  fiber 
curbing,  fiber  coat  removing  and  fiber  setting, 
which  are  dependent  on  the  skill  of  the  operator. 
Lock  of  skill  con  cause  splicing  delays  and 
errors.  Accordingly,  it  is  necessary  to  develop 
a  fully  automatic  splicer  in  which  all  splicing 
processes  ore  carried  out  automatically. 

In  this  paper,  the  design  and  performance  of  a 
high  speed  and  fully  automatic  mass-fusion  splicer 
for  single-mode  optical  fiber  ribbon  are 
described.  The  results  of  field  tests  are  also 
presented. 


2.  OUTLINE  or  nnxr  AUTOMATIC  FUSION  SPLICW 

Fusion  splicing  procedures  consist  of  three 
stages;  fiber  cud  preparation,  fusion  splicing  and 
reinforcement.  In  an  automatic  machine,  a  fiber 
transport  mechanism  and  functions  for  evaluating 
each  process  are  also  required.  In  the  fully 
automatic  mass-fusion  splicer  described  here,  the 
following  basic  principles  are  adopted  to  reduce 
splicing  time  and  to  attain  low  splice  loss. 

(1)  Fiber  transportation  between  the  processes  is 
assigned  to  two  pairs  of  arms  with  different 
designs  which  enable  parallel  operation. 

(2)  Fiber  axes  arc  aligned  by  fixed  V-grooves  to 
simplify  the  mechanism. 

(3)  Mass-fusion  splice  is  accomplished  without 
the  necessity  of  correcting  the  fiber  end  face 
position  variance. 

A  flow  chart  and  u  diagram  outlining  the 
splicing  procedures  in  the  present  machine  are 


Fiber  setting 

- T - 


Fiber  and  preparation 


Fibor  sotting  on 
v-groovot 


Fusion  splicing 


Nd 


Reinforcement 
element  setting 


Finish  of 
Spiced  fiber  transfer 

~'~'l - . 

Reinforcement  { 
1-  " 

Exclusion  of 
reinforced  part 


T 


Reset 


]  Spliced  fiber 


Figure  1.  Flow  chart  of  splicing  procedures. 
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shown  in  Fig.  I  and  Fig. 2,  respectively.  All 
splicing  procedures  are  carried  out  automatically 
once  the  fiber  ribbons  have  been  set  In  the  ribbon 
supply  units.  When  the  fiber  end  preparation  is 
finished,  the  fiber  end  preparation  parts 
evacuate,  and  the  splicing  part  is  inserted 
between  a  pair  of  fiber  ribbons.  The  splicing 
part  cleans  the  surface  of  the  fibers  and  then 
sets  them  into  V-grooves.  The  ribbons  are 
gripped  by  a  pair  of  arms  until  the  fibers  are 
spliced.  Then,  n  second  pair  of  arms  receives 
the  spliced  fiber  and  transfers  it  to  the 
reinforcement  part.  Subsequently,  the  first  pair 
of  arms  can  return  to  the  first  process  position 
and  be  ready  for  die  next  fibers.  Tim  movements 
of  the  fibers  nnd  the  implements,  for  which  high- 


nrcelsion  is  required,  are  basically  driven  by  a 
servo  control  aeelmnlsm. 

3.  snuenmr.  of  maim  parts 

3.1  Fiber  end  preparation 

The  fully  automatic  fusion  splicer  is  designed 
for  the  two  types  of  optical  fiber  ribbon  shown  in 
Fig. 3.  It  Is  important  to  suppress  fiber  end- 
fBce  position  variance  in  mass-fusion  splicing. 
A  strongly  bonded  coat  is  adopted  to  reduce  the 
variance,  however  this  makes  coat  stripping  very 
difficult  using  the  conventional  method. 
Therefore,  a  new  method  using  a  heater  is  adopted 
for  stripping  the  strongly  bonded  coat.  The 
mechanism  is  composed  of  a  pair  of  blades  and  a 
ceramic  heater.  In  addition  to  effective 
stripping,  it  also  has  the  advantage  of  lessening 
the  abrat.on  of  the  stripping  blades.  No 
abracion  was  observed  in  more  than  500  stripping 
operation. 

Residual  coating  on  the  fiber  surface  affects 
the  accuracy  of  fiber  axis  alignment.  A 
misalignment  of  the  fiber  axis  of  more  chan  10  pm 
can  easily  occur  due  to  residual  coating  on  the  V- 
grooves  if  the  fiber  surface  is  not  cleaned. 


Figure  2.  Outline  of  splicing  procedures. 
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Accordingly,  a  cleaning  mechanism  is  indispensable 
if  single-node  fiber  is  to  be  spliced  with  low 
loss,  thus,  a  cleaning  Mechanism  using  an 
electric  discharge  has  been  adopted  for  burning 
off  the  residual  coating  on  the  fiber  surface. 
Figure  A  shows  the  appearance  of  the  fiber 
surfaces  before  and  after  cleaning  with  an 
electric  discharge  and  clearly  Illustrates  Its 
effectiveness.  Figure  5  shows  the  relation 
between  butt  joint  loss  and  number  of  fiber 
setting  trials  using  this  mechanism.  The 
measurement  wavelength  is  1.3  pa.  As  a  result, 
it  was  confirmed  that  about  100  successful  trials 
can  be  undertaken  without  cleaning  the  V-grooves. 
These  resuts  confirm  the  necessary  requirement 
that  the  automatic  fusion  splicer  be  maintenance- 
free. 

3.2  Fiber  of  fact  measurement  tad  fusion  aplicini 

Fusion  splice  loss  is  strongly  influenced  by 
fiber  axis  offset  before  fusion  splicing. 
However,  low  splice  loss  enn  be  obtained  by  making 
use  of  the  effect  of  surface  tension  in  the  fusing 
fiber.  Figure  6  shows  the  relntion  between  the 
splice  loss  nnd  the  Initial  fiber  axis  offset 
before  fusion  splicing.  From  this  result,  a 
measurement  accuracy  of  about  7  pm  will  be 
required  Lor  fiber  axis  offset  before  fusion 
splice,  in  order  to  attain  a  splice  loss  of  below 
0.3  dB. 


(a)  before  cleaning 


Numbor  of  trials 


Figure  5.  Relation  between  butt  joint  Ions  and 
number  of  fiber  netting  trials. 


Figure  6.  Relation  between  splice  loaa  and  fiber 
axis  offset  before  fusion  splice. 


E 


(b)  after  cleaning 


Figure  4.  Appearance  of  the  fiber  surfaces  before  and  after 
cleanig  with  an  electric  discliargc. 
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On  Che  ocher  hand,  Cron  the  view  point  of 
simplification  and  miniaturization  of  the  machine, 
a  Method  for  Measuring  che  fiber  offset  in  two 
directions  by  observing  the  fiber  from  only  one 
direction  as  shown  in  Fig. 7  has  been  adopted.  In 
this  Method,  an  Image  of  a  fiber  ribbon  made  by 
illuMinatlon  is  observed  by  a  CCD  camera,  and  the 
width  of  light  line  on  che  fiber  surface  occurring 
due  to  the  lens  effect  of  the  fiber  Is  Measured  by 
video  processing.  When  a  pair  of  fiber  to  be 
spliced  is  offset  in  che  observation  direction, 
che  difference  of  the  width  corresponding  to  che 
offset  arises,  and  che  offset  value  is  estimated 
by  measuring  che  difference.  The  measurement 
accuracy  of  this  Method  is  about  3  pm  and  worse 
chan  the  measurement  method  using  two  orthogonal 
directions.  However,  it  is  expected  that  the 
accuracy  of  cite  offset  measurement  satisfies  the 
requirement  for  assuring  the  low  splice  loss 
mentioned  above. 

3.3  goinforcfwnt 

It  is  necessary  to  reinforce  the  fusion  spliced 
portion  for  protection  from  mechanical  damage.  A 
heat  shrinkable  cube  method  is  one  of  che  approved 
methods  for  reinforcement.  However,  if  this 
method  is  used,  the  mechanism  for  sotting  and 
transferring  the  reinforcement  elements  becomes 
very  difficult  to  automate.  Therefore,  a 
sandwich-type  reinforcement  composed  of  a  plate 
made  of  magnetic  material  and  a  glass  ceramic 


plate  both  coated  with  hot-melt  film  is  adopted. 
The  structure  is  shown  In  Fig. 8.  The  size  of  the 
element  is  30  mm  x  5  mm  x  2  mm.  After  splicing, 
the  spl<ced  portion  is  sandwiched  between  the 
elements,  and  the  fiber  and  plate  assembly  is 
heated  by  an  eddy  current  induced  in  che 
magnetic  place.  The  reinforcement  process  takes 
about  70  see,  which  is  about  1/3  che  time  taken  by 
the  conventional  method.  After  reinforcement, 
the  spliced  fiber  is  ejected  from  che  machine. 

MAGNETIC  MATERIAL 
rr - HOT-MELT 

Sjjj - — V  F,LM 

^^-.=-^1  r'IIon 

GLASS  CERAMIC 

£ 


Figure  8.  Structure  of  reinforcement  element  and 
reinforced  part. 


Figure  7.  Fiber  offset  measurement. 
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4.  fCTPOOUMCE  or  THE  HACglgK 

A  fully  automatic  fusion  splicer  is  divided 
inco  8  splicing  unit  and  n  control  unit.  The 
splicing  unit  is  shown  in  Fig. 9.  It  is  about  20 
cm  long,  30  cm  wide,  and  AO  cm  high,  with  a  weight 
of  about  13  kg.  Figure  10  show  a  splice  loss 
histogram  for  a  single-node  4-fiber  ribbon  and  an 
8-fiber  ribbon.  Their  average  splice  losses  were 
0.07  dB  and  0.03  dB,  respectively.  The  core 
eccentricity  and  Mode  field  diameter  of  the  fiber 
used  in  this  experinent  are  about  1  %  and  9.3  pn, 
respectively.  These  splice  losses  are  almost 
sane  as  those  of  a  conventional  splicer. 

The  tensile  strengths  of  the  reinforced  parts 
for  a  4-fiber  and  an  8-fiber  ribbon  are  shown  in 
Fig. 11.  An  average  strength  of  about  3  kg  for 
the  4-fiber  ribbon  and  9  kg  for  the  8-fiber  ribbon 
were  obtained.  No  loss  change  was  observed  in 
the  reinforced  part  during  80  heat  cycles  (-3'  "o 
60*C) .  These  results  satisfactorily  denou 

the  reliability  of  the  spliced  pare. 

The  operation  tines  of  all  processes  performed 
by  this  machine  are  shown  In  Fig. 12.  The  Cine 
retired  for  fiber  end  preparation,  nlignaenc  and 
splicing,  reinforcement,  and  transfer  are  40  see, 
40  sec,  70  sec,  and  30  sec,  respectively.  The 
total  tino  for  the  first  cycle  from  fiber  setting 
to  removing  the  completed  splice  after 
reinforcement  is  about  3  minutes.  The  time  for 
che  second  and  subsequent  cycles  Is  about  2 


Figure  9.  Splicing  unit  of  fully  automatic 
splicer. 


( a  )  For  4-fib«r  ribbon 


Figure  10.  Splice  loss  histogram  for  n  4-fiber 
ribbon  and  an  8-fiber  ribbon. 
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(It  FIBER  END  PREPARATION 
(It  ALIGNMENT  AND  INSPECTION 
(It  SPLICING  AND  INSPECTION 
«)  REINFORCEMENT 

Figure  12.  Processing  time. 

minutes  because  of  the  parallel  operation  of  the 
splicing  process  and  die  reinforcement  process. 
This  is  about  3  times  faster  than  the  speed 
attained  by  a  conventional  splicer. 


Splic*  lots  (dB) 


Figure  13.  Splice  loss  histogram. 
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Figure  li.  Splicing  time  histogram  in  the  field. 


5.  FIELD  TEST  KRSULTS 

A  high  speed  and  fully  automatic  fusion  splicer 
has  been  evaluated  in  comparison  with  a 
conventional  splicer  in  the  field.  Tire  field 
lines  were  constructed  of  800  fiber  cobles 
composed  of  8-fibcr  ribbons. 

Figure  13  shows  the  splice  loss  distribution. 
The  loss  was  measured  by  OTDR  from  two  directions. 
The  average  loss  was  0.09  dB.  This  value  is 
almost  the  same  as  that  of  the  conventional 
splicer  and  is  found  to  be  highly  practical  for 
use  in  the  construction  of  subscriber  lines. 
Figure  14  shows  the  splicing  time  distribution  per 
ribbon.  About  85  %  of  the  ribbons  were  spliced 
within  5  minutes,  and  the  average  splicing  time 
was  about  5  minutes  per  ribbon.  This  includes 
the  time  needed  to  accomodate  the  spare  length  of 
fiber  in  the  closure.  This  is  twice  os  fast 


ns  with  n  conventional  splicer.  About  85  X  of 
the  ribbons  were  spliced  successfully  with  one 
trial  and  99  X  were  spliced  within  three  trials. 
These  results  arc  satisfactory  for  practical  use 
in  the  field. 

6.conausio« 

We  have  developed  n  high  speed  snd  fully 
automatic  mass-fusion  splicer  for  single-mode 
optical  fiber  ribbon.  The  following  results 
have  been  obtained  with  thi3  new  splicer. 

(1)  In  our  laboratory,  the  average  splice  losses 
were  0.07  dB  and  0.03  dB  for  4-fiber  ribbon  and  8- 
fiber  ribbon,  respectively.  These  results  are 
the  same  as  those  using  a  conventional  fusion 
splicer. 

(2)  In  the  field,  an  average  splice  loss  of  0.09 
dB  was  obtained  for  8-fiber  ribbon. 
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(3)  A  total  operation  Um  of  about  3  min.  and  3 
win.  were  obtained  in  our  laboratory  and  In  the 
field,  respectively. 

Fro*  these  results,  the  fully  automatic  (union 
splicer  is  found  to  be  highly  satisfactory  Cor 
practcal  use. 
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ABSTRACT 

A  (amity  o(  high  liber  count  cables  has  boon  developed  (or  use 
In  the  subscriber  loop  network.  High  (ibor  count  cabtoa  are 
needed  In  single  end  double  star  topologies  from  the  rcmoto 
terminal  to  the  scrvfco  area  Interlace.  At  tho  service  area  Inter¬ 
lace  the  high  (iber  count  cable  Is  branched  to  lower  (iber  count 
cables. 

0 

Theso  high  liber  count  cables  are  unitized  Mint-Bundle  cable 
designs  with  easy  liber  Identification  lor  tho  large  numoer  of 
libers  Involved.  Looso  tubes  are  stranded  into  sixty  (iber  cable 
coies  with  tho  cores  then  stranded  together  10  make  a  unitized 
Mini-Bundle  cable.  Tho  separate  cable  cores  are  distinguished 
by  colored  binders. 

The  butler  tubes  in  theso  doubly-stranded  cores  are  m  a  double 
helix  configuration  upon  examining  me  geometry  ol  tho  double 
helix  it  was  lound  that  tho  bend  radius  changes  along  tho  path 
ol  tho  double  helix.  Tho  laylongths  ot  (ho  butler  tubes  in  tho 
core  and  the  laylongth  ol  the  cores  In  tho  cablo  must  bo  choson 
carolully  Such  that  tho  libers  havo  on  acceptoblo  bend  radius 
avci  tho  length  at  tho  cabio  Tho  liber  bond  radius  <s  important 
lot  attenuation  concerns  av  well  as  liber  latiguc  considerations 
This  paper  will  discuss  tho  equations  derrvod  (or  tho  doubto 
helix  solution  and  important  parameters  to  consider  when  do 
signing  a  coble  ol  this  typo 

For  non-armored.  oil  dielectric  cables  ol  300  to  -120  libers,  the 
cable  diameters  range  Irom  28  mm  to  31  mm 

These  cables  have  excellent  tomporaturo  peilormanco  with  loss 
than  0.2  dBAun  attenuation  chango  through  the  temperature 
tango  -10  to  *70*C  Tho  cables  also  exhibit  excellent  mo 
chanlcat  performance 


INTRODUCTION 

Data  rales  continue  to  increase  In  order  to  moot  tho  growing 
Information  noeds  ol  tho  subscriber.  Bringing  liber  optic  tech¬ 
nology  to  tho  subscriber  will  accommodate  this  Increasing  need 
lor  higher  data  capacity.  Several  Held  trials  to  bring  liber  to  (he 
subscriber  are  already  underway. 

A  family  ol  high  liber  count  cables  has  been  developed  for  use 
In  tho  subscriber  loop  network.  High  (iber  count  cables  will  bo 
needed  In  both  single  and  double  star  topotog'os.  The  single 
star  topology  will  require  cables  up  to  400  libers  while  tho 
double  star  topology  will  require  cables  containing  as  many  as 
600  libers.  In  tho  star  topologies  high  (ibor  count  cables  are 
branched  to  lower  liber  count  cables  as  tho  network  ap¬ 
proaches  the  subscriber  pro  use 


The  loose  tube  approach  was  taken  (or  tho  high  liber  count 
cable  designs  since  loose  tube  designs  ere  proven  performers 
in  outside  plant  constructions. 


CABLE  DESIGN 

Tho  basic  unit  ol  the  cable  conslsis  ol  live  tubes  containing 
twelve  libers  each  stranded  around  a  dielectric  central 
mambor  Theso  stranded  cores  are  used  as  building  blocks  (or 
tho  overall  cable  structure.  Tho  sixty  liber  units  are 
distinguished  Item  each  other  by  dillerent  binder  colors  Figure 
1  shows  a  cross-soction  ol  the  sixty  liber  unit 

Theso  sixty  liber  units  are  contblnod  Into  high  fiber  count  cable 
cores  The  units  con  be  stranded  around  on  ovorcoated  central 
member  or  onolhoi  sixty  liber  unit  to  completo  tho  core 
assembly 


Tho  coio  is  Hooded  with  a  watoi  blocking  compound  in  oidoi  to 
meet  watei  penetration  requirements  which  a.c  usually  spec, 
lied  foi  ouldooi  cables.  High  slicngth  aianuo  joins  aio  applied 
ovoi  the  coble  core  (or  tensile  stiongth  in  tho  cable  Tho  cablo 
Is  completed  with  an  outer  |ackot  of  polyethylene  Figure  2 
shows  cross-sections  of  two  high  fiber  count  cables 

Those  designs  can  bo  expanded  for  applications  requiring 
more  than  420  libers  by  combining  moro  sixty  fiber  units  In  a 
similar  manner  as  described  hero 

There  aro  two  stranding  passes,  first  stranding  the  bulfor  tubes 
into  sixty  fiber  units  than  stranding  sixty  fiber  units  into  the  high 
liber  count  cablo  core  The  two  stranding  passes  cause  tho 
buffer  tube  (and  therefore  tho  libers  In  the  buffer  tubo)  to 
assume  tho  configuration  of  a  double  helix  Tho  doublo  helix 
configuration  of  the  libers  led  to  an  investigation  of  the  bond 
radius  of  iho  doublo  holix  This  Investigation  was  based  on  work 
by  Stein  |t|  who  developed  similar  studios  for  wire  ropos  Tho 
equations  describing  the  doublo  helix  aro 
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t { 0)  is  the  vector  describing  the  path  o(  the  double  helix: 


0)  «  xtO)  i  •  y(0)  j  *  s(0)  k  (1) 
x(0)  ■  (Rg  *  Rv  cos(4))coa(0)  *  Rv  3in(f)eos(P)sln(0)  (la) 
y(0)  »  (Rg  *  Ru  eos(+))sin(0)  -  Rv  sin(*)eo3(B)eos(0)  (lb) 
s(0)  -  R5  0  eot(«  *  Rv  3in(B)sin(0  (lc) 


Uhcrc:  H  ■  radius  of  subunit  center  line  acasured  froa  axis 
3  of  cable 

Rv  ■  radius  of  buffer  tube  center  line  aeasured  froa 
subunit  center  line 

♦  «  aO  «  +q 

R.  tan(5) 

a  .  ,  J. - 

Rv  sJn(fl) 

i  «  lnyaugle  of  the  buffer  tubes  *  tan  1  (tH^w) 

0  •  layangle  of  the  subunits  in  the  cable  »  tnn_1^^sj 

by  «  laylength  of  buffer  tubes  In  subunit 
I,  a  Laylength  of  subunits  in  cable 

3 

♦q  a  dusay  variable 
0  a  cylindrical  coordinate 


As  mentioned  before  these  equations  were  reduced  by  the 
method  described  ty  Stein  |1|  to  determine  tho  radius  of  curve 
ture  (to  the  bend  radius)  atono  the  path  described  by  mo 
double  helix  equations.  Tho  parameters  which  affect  the  lad'uj 
of  curvature  (R)  arc:  Tho  pitch  radius  of  tho  sixty  fiber  units 
(Rs).  tho  pitch  radius  of  tiro  tubes  (Rw).  tho  layfongth  of  tho 
tubes  In  tho  sixty  liber  unit  (Lw),  and  tho  laylength  of  tho  sixty 
liber  units  In  tho  core  (Ls).  (Soo  figure  3.)  Tho  pitch  radii  (Rs. 
Rwj  are  predetermined  by  tho  cable  cross-section.  An  accept¬ 
able  minimum  fiber  bend  radius  wqs  designed  into  tho  cablo  by 
carefully  choosing  the  taytength  of  the  lubes  and  tho  laylength 
of  the  sixty  fiber  units 

The  radius  ol  curvature  along  the  double  helix  varies  in  a  sinu 
soldal  pattern.  As  can  bo  seen  In  figure  4  thoso  variations  arc 
very  largo.  Flguro  4  also  demonstrates  how  dramatically  ono 
can  affect  the  <ad!us  of  curvaturo  by  changing  the  laylength  of 
tho  sixty  fiber  units  (Rs). 


The  relative  direction  of  tho  two  stranding  lays  also  affects  tho 
radius  of  curvature.  When  two  lays  are  In  the  same  direction  the 
radius  of  curvature  lends  to  bo  lowor  than  when  tho  lays  ero  in 
oppostto  directions,  if  either  stranding  pass  is  roverse  stranded 
the  lays  wilt  be  in  the  samo  direction  In  some  sections  of  the 
cable  and  in  opposite  directions  m  the  rest  of  the  cable.  Figure 
5  shows  tho  difference  in  radius  of  curvaturo  for  oqual  and 
oppostto  lays  m  tho  samo  cablo.  Noto  that  the  curves  in  figure 
4  represent  n  case  whore  the  tubes  and  sixty  fiber  units  are 
stranded  In  opposite  directions. 

In  most  cases  the  laylength  of  tho  sixty  fiber  units  will  bo  larger 
than  the  laylength  of  the  buffer  tubes  and  the  minimum  liber 
bend  radius  can  be  found  at  0  -  0  deg.  Tho  curves  In  figures 
4  and  5  show  that  the  minimum  R  occurs  at  0  »  0  deg  for 
these  two  cases.  The  design  equations  can  bo  reduced  to  tho 
following  at  0  -  0  so  the  cables  can  bo  designed  around  the 
minimum  fiber  bend  radius  present  m  the  cable.  This  simplifica¬ 
tion  assumes  the  worst  case  of  the  stranding  lays  being  in  the 
same  direction. 
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Tho  cables  wcto  designed  with  the  above  equation  to  Insure 
the  minimum  bend  radius  of  Die  fibers  remained  above  a  value 
to  insure  good  cable  attenuation  and  acceptable  long  term  fiber 
stress. 


CABLE  TESING 

Since  specifications  do  not  exist  at  this  time  for  fiber  optic 
distribution  coble  tho  cables  wcto  tested  per  Bellcore  TR-TSY* 
20,  Genedc  Requirements  for  Optical  Fibers  and  Optical  Fiber 
Cable.|2|  The  cables  tested  contained  tfnQto  modo  fiber 
Mechanical  and  environmental  performance  were  quantified  for 
(his  type  of  cable  design 

Mechanical  requirements  and  test  results  are  summarised  In 
Table  1.  Because  ol  the  large  diameters  of  the  cables  some  nl 
the  mass  tables  had  to  bo  extrapolated  to  arrive  at  the  correct 
test  mass  for  the  cable  diameter.  Each  mechanical  tost  was 
performed  several  times  on  different  cable  samples  while  sov- 
eral  fibers  were  monitored  for  attenuation  change.  Alt  samples 
passed  the  mechanical  requirements  In  Bellcoro  TR-20.  Tho 
results  summarized  In  tho  tables  are  averages  (or  each  lest 
The  cables  wero  temperature  cycled  and  hoat  aged  per 
Bellcoro  TR-20.  Typical  tomporaturo  cycling  results  are  shown 
In  figure  6.  Each  cablo  tostod  had  60  fibers  monitored  lor  at¬ 
tenuation  chango  through  tho  temperature  cyclo  and  heat  ago 
last.  The  maximum  attenuation  Incroaso  was  less  than  0.2  dB/ 
km  at  1300  nm  and  at  1550  nm  which  meots  tho  requirements 
In  Bellcore  TR-20.  Thero  wore  no  Irreversible  attenuation 
changes  during  the  environmental  tests. 


acknowlegments 

We  would  like  to  thank  Bcrnd  Zimmermann  and  Marty  Light  lor 
tholr  work  with  tho  mathematical  derivations  of  the  radius  of 
curvature  of  tho  double  helix 


REFERENCES 

«  R.  A,  Stem,  C  W,  Bert.  'Radius  of  Curvaturo  of  a  Double 
Helix*.  Journal  of  Engineering  for  industry.  August.  1962. 
pp.  39-1-395. 

*  Belt  Communications  Research  Inc..  'Genetic 
Requirements  for  Optical  Fibers  and  Optical  Flbor  Cable*. 
Technical  Reference,  TR-TSY-000020.  August  1908, 


CONCLUSION 

A  high  fiber  count  cablo  for  subscriber  loop  applications  was 
developed  successfully.  Tho  cables  are  unitized  Mini-Bundle 
design  with  easy  liber  Identification.  Sixty  liber  units  aro 
stranded  together  to  make  a  unitized  Mini-Bundle  coble. 

Because  of  tho  cablo  design  tho  fibors  are  placed  Into  a  double 
helix  configuration.  Tho  bend  radius  along  the  path  of  tho 
doublo  helix  changes  and  tho  minimum  bend  radius  of  tho  liber 
must  be  considered  (or  attenuation  and  flbor  fatigue  concorns 

The  cables  easily  met  the  requirements  (or  mechanical  and 
temperature  performance  specified  in  Bellcoro  TR-20. 
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TABLE  1 


MECHANICAL  TEST  RESULTS 


TEST 

REQUIREMENT! 

RESULTS 

Impact 

25impacts 

avg  Increase  <  0  10  dB 

25  Impacts 
avg  <  0  01  dB 

Flex 

25  cycles 

avg  Increase  <  0  10  dB 

25  cycles 
avg  <  0  01  dB 

Compression 

220  N/cm 

avg  Increase  <  0  10  dB 

220  N/cm 
max  0  03  dB 

Tensile 

rated  load 

avg  increase  <  0  10  dB 

avg  <  O  O-i  dB 

Cold  Qend 

•30*C 

avg  Increase  <  0.20  dB 

avg  <  0.01  dB 

Hoi  Bend 

♦  60*C 

avg  Increase  <  0.20  dB 

avg  <  0.0 1  dB 

Waicr 

Penetration 

1  hour 
l  m  cablo 

pass 

no  water  pen 

*  Tesi  roqutrcmonis  per  Oo'Jeore  Tfl-20 


300  fiber  design  •  28  mm  OD 


Figure  1  Cross-Section  of  a  Sixty-  Fiber  Unit 


420  fiber  design  •  31  mm  OD 


Figure  2  Cross-Sections  of  the  High  Fiber  Coum  Cobles 
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Figuio_3:  Cable  Parameter* 


HOOt 


a 
i 
u 

• 

o  150+ 
t 

c 
u 
r 
v 


t 

u 

r  100 

■ 

1 

n 


AmaamaaaaaaaaaAaa 


Sixty  Fiber  Unit 
Le  -  300  ea 
L»  -  430  r.a 


— I - i - - 1 - 1 

HOO  400  600  800 


Theta  (dag) 


Figure  4-  Change  In  Radius  of  Curvature  with 
Change  In  laylongth  of  a  Sixty  Fiber 
Unit  rThe  tubes  and  subunits  are  stranded 
In  opposite  directions.) 
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Dlllerenca  In  Radius  of  Curvaiufa  for 
Equal  and  Opposite  Lays  In  iho  Samo 
Cabin 


o  200  400  600  800 


Time  (Hours)  —  1300  nm 

-  1550  nm 

Figure  6;  Temperature  Cycling  Results 
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ONE-THOUSAND-FIBER  OPTICAL  CARLE  COMPOSED  OF  EIGHT  FIBER  RIBBONS 


H.Sawano  Y.Kikuehi  K.Kobayashl  N.Okada  N.Mlsono  H.Suxukl  N.Sato 


Fujikura  Ltd. 


Aba tract 

A  high  fiber  count  and  high  densely 
packaged  single-mode  optical  fiber  cable 
with  rapid  fiber  splicing  and  aid-span 
access  capability  is  required  to  construct 
economical  subscriber  network. 

To  meet  this  requi reaent.a  1000-fiber 
cable  has  been  developed.))  The  cable  Is 
composed  of  B-flber  ribbons  and  s)ot*ed 
rods. 

The  cable  was  subjected  to  se  .*ral 
evaluation  tests.  It  was  verified  that  the 
cable  has  enough  performance  to  be  applied 
to  commercial  use. 


I.  Introduction 


An  optical  fiber  cubic  is  going  to 
spread  very  quickly  to  subscriber 
networks. 2)  And  it  is  expected  that 
subscribers  arc  going  to  demand  high  speed 
and  broadband  services  such  as  video 
service.  A  single-mode  fiber  cable  can 
address  this  demand  flexibly  and 
economically  because  of  its  intrinsic 
broadband  transmission  characteristics. 

Moreover, designing  subscriber  cable 
conf igurr.t ion  Tor  metropolitan  area,  the 
following  consideration  have  to  be  taken 
into  account  to  construct  economical 
subscriber  networks. 

U  High  Tiber  count 

A  thousand  fiber  count  cable  is 
necessary  to  service  growing  number 
of  subscribers  in  near  future. 

2)  Compact  cable  diameter 

A  lot  of  cables  gel  into  end 
office  so  that  there  Is  no  enough 
room  to  get  big  sized  cable  into  the 
or lice. 

So  cable  diameter  must  be  as  small 
ns  possible  to  escape  cable  jam  in 
I  lie  o Trice. 

li)  Kapid  fiber  splicing  capability 

An  optical  fiber  is  required  to 
have  a  rapid  splicing  capability  to 
wake  enble  installation  lime  short, 
in  another  word, to  rnnke  installation 
cost  ’ess  expensive. 


4)  Mid-span  access  capability 

A  mid-span  access  capability  Is 
necessary  for  a  subscriber  cable  to 
make  an  investment  Tor  subscriber 
networks  low. 

5)  Compatible  configuration  with  a 
conventional  cable 

Based  upon  above  criteria, a  single- 
mode  Tiber  cable  which  can  accommodate  a 
1000-fiber  was  developed. 

The  cable  Is  composed  of  specially 
designed  B-flber  ribbons.  The  ribbon  is 
easily  divided  into  two  4-flber  ribbons 
by  a  newly  designed  dividing  tool  without 
interrupting  the  signal  transmission  of 
the  other  fibers  in  commercial  service. 

This  ribbon  configuration  make  It 
possible  8-fiber  ribbon  to  be  spliced  with 
n  conventional  4-fiber  ribbon. 

Five  8-flber  ribbons  are  tightly 
stacked  in  each  of  five  slots  grooved  on  a 
polyethylene  rod  to  make  a  two  hundred 
ribers  unit.  And  five  units  are  cabled  to 
make  a  1000-fiber  cable  with  only  40mm 
cable  diameter. 

This  paper  describes  the  results  of 
several  evaluation  tests  on  «  1000-rlber 
cable  such  as  ribbon  dividing 
lcst,mechnnical  tests, temperature  cyclic 
test  and  field  test. 

Table  1.  Requirements  and  approaches  to 
subscriber  network. 


Requi rcmcnl 

Approach 

1.  High  transmission 

Single-mode  fiber 

performance. 

2.  High  fiber  count 

Fiber  ribbon 

and  compact  cable. 

Slotted  core  cable 

3.  Rapid  splicing 

Fiber  ribbon 

citpabi  1  i  ty . 

Multi  fiber 
connector 

Mass  fusion  splice 

A.  Mid-span  access 
capabi lily. 

5.  Compatibility  to 

Di vidablo 

conventional  cable. 

fiber  ribbon 
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1.  Cable  structure? 

Pig. 1(a)  ahowa  the  structure  or 
developed  1000-fiber  cable.  This  cable 
la  40m  In  dlaneter,  1.2kgf  In  weight  and 
contains  five  200-fiber  units  stranded  on 
a  central  strength  nenber.  livery  unit 
has  five  rectangular  slots  shaped 
helically  on  a  polyethylene  rod  and  five 
8-fiber  ribbons  are  tightly  stacked  In 
each  slot. 

Slot  structure  has  two  advantages. 
One  is  easiness  to  take  out  8- fiber 
ribbon  Troa  the  slot  and  the  other  Is  to 
suppress  fiber  jaa  during  aid-span  access. 

The  sketch  or  8-fiber  ribbon  is 
illustrated  In  Fig. 1(b).  Used  single- 
aode  Tiber  is  9.5ua  in  aode  field 
diaaeter,  125ua  in  fiber  dlaaeter  and 
ZSOua  in  diaaeter  of  UV  curable  resin 
coating.  All  the  Tiber*  are  colored  for 
fiber  identification.  8  fiber*  are 
aligned  in  parallel  and  covered  with  UV 
curable  resin  in  2.2aa  in  width  and  0.4m* 
in  thickness. 

Kroa  the  view  point  of  fiber 
jointing,  aulti  fiber  ribbon  is  aost 
profitable  because  this  structure  can  be 
applied  to  both  aulti  fiber  connector  and 
aass  Tiber  fusion  apl icing. 3) .4 ) 

Fiber  count  in  a  ribbon  Is  laportant 
factor  because  It  affects  the  cable 
jointing  speed  and  cable  diaaeter.  With 
regards  to  jointing  speed,  a  calculation 
have  taught  us  that  the  efficient  fiber 
count  in  a  ribbon  Is  Troa  s!'  to  ten 
fibers. S)  So,  taking  into  accouiu  of  the 
compatibility  with  a  conventional  4-fiber 
in  teras  of  Tiber  splicing,  8-riber  ribbon 
is  dlvldable  into  two  4-flber  ribbons. 


2.2m 


/  Color  Buffer  (250ual 

Simile-mode  fiber  (128ua) 


(a)  8-fiber  ribbon 
LAP  Sheath 
Wrapping 
Copper  wire 
Slotted  rod 
Strength  aeaber 
8- fiber  ribbon 

(b)  1000- fiber  cable 

Fig,  i  Structure  of  1000-fiber  cable. 


Fig. 2  Ribbon  dividing  tool. 


3.  Cable  properties 


3-1.  8-flbor  ribbon 

(1)  Access  performance 

The  an in  advantage  of  developed  8- 
fibor  ribbon  is  to  be  divided  into  4- 
fiber  ribbons  and  aono  fibers  by  aeuns  of 
siapie  tool  to  branch  high  fiber  count 
cable  to  distribution  lines  in  subscriber 
network.  Fig. 2  shows  the  dividing  tool. 
An  8-fiber  ribbon  is  set  in  and  torn  away 
into  two  4-fiber  ribbons  at  the  center. 

Fig. 3  shows  tin.*  connector i zed  8-flbor 
ribbon  and  4-fiber  ribbons  divided  from  a 
8-fiber  rjobon.  Hass  Tusion  splicing  is 
also  applied  to  newly  produced  4— fiber 
ribbon. 

To  investigate  the  loss  change  of  a 
live  line  during  mid-span  access,  8-fiber 
ribbons  were  subjected  to  the  ribbon 
dividing  Lest  over  hundred  times.  Added 
loss  was  so  suuil  as  less  Limn  0.0(11!,  this 
added  loss  does  not  disturb  the  signal 
transmission . 


F 1 g ■ 3  Illustration  of  access  form  8-fiber 
ribbon  to  4-fiber  ribbons. 


(2)  Mechanical  properties 

To  invest  igale  the  meclian '»<•»» I 
properties,  8-fiber  ribbon  was  subjected 
to  against  lateral  force  test .  twisting 
lest  and  scrubbing  test.  Table  2  shows 
the  results. 

Neither  added  loss  nor  break  wns 
observed  up  to  20kgf/50mni  of  lateral 
force.  Ten  times  per  IOOihi#  of  twist 

with  300gf  oT  tension  caused  no  break  in 
ribbon.  Scrubbing  with  tin*  radius  of 

0mm  also  gave  no  damage  to  ribbon. 
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Table  2. 

Mechanical  properties  of 

B- fiber  ribbon 

Item 

Result 

Condition 

Lateral 

force 

No  added 
loss 

Up  to  25kgf 

5  0mm 

Ribbon  1 — -1 

Twisting 

No  break 

10  times  Rotate 

|t^  100—  ^ 

O  300i f  Ribbon 

Scrubbing 

No  break 

Rz5mm 

£ 

300gf 

Added  loss  duo  l.o  temperature  change 
•  )  MO  HHK  nt'MKUCCd.  From  -40C  in  600,  no 
added  loss  was  observed. 

3-2.  1000-fiber  mbit' 

(1) Loss  stability  In  manufacturing 

Fig. 4  show*  the  optical  lo**  through 
manufacturing  process.  The  average  loss 
change  and  standard  deviation  change  worn 
O.OldB/km  and  I  ess  than  O.OIdll/km, 
respectively.  Fig.  5  shows  the  loss 

histogram  oT  manufactured  cables.  Five 
cables  were  investigated  and  total 
■ensured  fiber  number  and  fiber  length 
were  five  thousniids  and  3250km.  The 

average  Iocs  and  standard  deviation  were 
0.35dB/km  and  O.OldB/km,  respectively. 
These  results  insure  that  this  cable  can 
be  manufactured  with  excellent  Joss 
stabi  I  it.y . 

(2)  Mechanical  properties 

This  cable  is  designed  as  fellows. 
An  allowable  tonslle  load  and  minimum 
bending  radius  of  bending  are  800kgT  and 
250mm  under  installation,  and  minimum 
radius  of  fixed  bending  is  240mm. 

To  investigate  the  mechanical 
properties  under  above  conditions,  crush, 
bending,  tensLle,  aqueexing,  impact  and 
torsion  tests  were  performed.  Results 

are  shown  in  table  3.  In  every  test, 
no  added  loss  was  observed. 

(3)  Temperature  characteristics 

Two  types  of  temperature  test  were 
performed.  One  was  cyclic  test,  the 
other  was  long  term  test. 

To  investigate  the  loss  stability  in 
short  term  temperature  change,  added  loss 
due  to  temperature  cycle  from  -40C  to 
60C  per  day  was  measured.  Fig. 6  shows 
the  result.  Added  loss  was  so  small  as 
0.02dB/km  at-40C  and  0.04,dB/km  at  60C. 


manufacturing  process 


Fig. 4  Loss  stability  of  1000-fiber  cable 
in  manufacturing  process. 


Fig. 5  Loss  histogram  of  manufactured 
1000-fiber  cable. 


Table  3.  Mechanical  properties  of 

developed  1000-fiber  cable. 


Item 

Condition 

Result 

Crush 

Up  to  250kgf/50mm  of 
lateral  force 

<0.01dB 

Bending 

R=400nn, 180deg. 

10  tines 

<0.01dB 

Tensile 

Up  to  BOOkgf , i=100n 

<0.01dB 

Squeex¬ 

ing 

R=600mm,T= BOOkgf 
l=100n 

<0 . 0 IdB 

Impact 

lkgf.lm  height 

<0 . OldB 

Torsion 

360deg./n 

<0.0 IdB 
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(JB/km) 


A  1000-fiber  cable  hud  been  exposed 
to  60C  and  -20C  and  loss  was  monitored 
for  a  month  ax  Ion*  lor*  lax*  liability 
loot.  PI* .7  shows  the  results.  The 
optical  loan  do*r«dation  wax  scarcely 
observed . 

These  results  shows  that  developed 
1000-fiber  cable  has  xuffielent  loss 
stability  **nlnsl  netusl  temperature 
condition. 


Tim*  (Hr) 


Aspee.t  of  field  text. 


FI*. 6  Added  loss  or  1000-riber  cable 
due  to  IcMperaturc  change. 


0  10  20  30 
Tim*  (Day) 


Fig. 7  Loss  stability  1000-fiber  cable 
at  high  and  low  temperature. 


4.  Field  test 
(1)  Installation 

A  prcconncclorixcd  1000-fiber  cable 
was  installed  in  300*  long  duct  as  shewn 
in  Fig. 8.  Test  cable  was  placed  by 
ordinary  winch  with  400kgf  of  *axi*u* 
pulling  load.  Soon  uftcr  the 

installation!  damage  on  cablu  and  loss  of 
fibers  were  investigated.  No  harmful 

injury  or  deformation  on  cable  was 

observed  and  average  and  maximum  loss  of 


500 

r- 1  -f—l 

“i 

r-r 

1  i 

A«1.3um 

400 

•N-1000 

- 

Avt.wQ.3S 
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■ 
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n 

1 1  ..r. 
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i 

1 

0.30  035  0.40 

Lots  (dB/km) 

Fig. 0  Loss  histogram  or  installed  1000 
fiber  cable. 


fibers  were  0.35dB/km  and  0.38dH/km  as 
shown  in  Fig. 9.  This  result  is  almost 
equal  to  factory  data,  so  it  can  be 
concluded  that  developed  1000-fiber  cable 
has  sufficient  strength  to  protect  fibers 
from  the  force  caused  in  installation- 

(2)  Long  term  reliability 

Fig. 10  shows  tho  loss  change  for  ten 
months.  Monitored  line  was  7.2km  long 
composed  of  24  fibers.  The  loss  change 
including  the  power  change  of  measuring 
apparatus  was  within  0.2dB,  this  loss 
change  is  acceptable  for  practical 
transmission  system. 
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4)  T. Hal  bars,  S.Nagasawa,  M.Malauaola  and 
M.Kawaac,  "Si ng  1 o-»ode  aultlfiber  Jointing 
technique*  for  high-density  high-count 
subscriber  cables'*,  37th  IWCS  (Reno,  USA), 
1988. 

5)  H. Kawasaki,  T.Haibara.  H.Shiral  and 
M.Miyauchl,  "optimum  nuaber  of  Single-node 
fibers  in  ribbon",  Trans.  JKICK,  J71-R, 
pp. 77-80,  1988. 


PI g ■ 10  boss  stability  of  10  months 
installed  cable. 


On  the  basis  of  above  results,  It  can 
be  concluded  that  the  developed  1000-fiber 
cable  has  excellent  reliability. 


5.  Conclusion 

With  the  rapid  spread  of  fiber  optic 
technology  to  subscriber  network,  It  has 
becoac  necessary  to  take  into  account 
econeaical  pcrforanncc  as  well  as 
transaission  characteristics  of  the 
network. 

To  satisfy  this  requirement,  a 
coapacl  1 000- fiber  cable  using  8-Hber 
ribbons  has  been  developed. 

The  results  or  ribbon  dividing  test, 
acchanical  test,  tcapcrnturc  test  and  a 
field  test  verified  that  the  developed 
1000-fiber  cable  for  subscriber  network 
has  excellent  perforannce  to  be  used  in 
actual  field. 
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POP  OVERHEAD  INSTALLATION 
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BICC  Cables  Limited,  Helsby,  England 


SUMMARY: 

A  subscriber  connection  cable  was 
developed  to  address  the  emerging  requirement 
for  low  cost  optical  cable  to  replace  existing 
overhead  subscriber  connections.  The  new  cable 
combines  the  ability  to  cany  narrow  band  on 
copper,  from  existing  telephony  services  or  from 
street  sited  demultiplexors,  with  an  upgrade 
path  to  all-optical  broadband  services. 

The  cable  described  offers  a  solution 
which  negates  the  cost  of  returning  to  site  to 
upgrade  the  network  to  adapt  an  installation  to 
carry  broadband  services.  Cable  strain  is 
minimized  by  providing  strength  in  as  much  of 
the  cable  cross-section  as  possible,  but  this  leads 
to  some  interesting  side  Gffects.  Theoretical  cable 
performance  is  predicted  from  models  of  aerial 
cable  and  its  environment. 


INTRODUCTION: 

The  telecommunications  industry  in  the 
UK  is  building  towards  all  optical  broadband 
services.  The  advancement  of  digital 
communications  technology  means  that 
technically  these  can  now  be  supplied  on  the 
same  transmission  path  as  telephony. 

To  trial  the  supply  of  broadband  services, 
customers  in  u  selected  pilot  scheme  in  the 
United  Kingdom  will  be  connected  to  an  optical 
local  loop  distribution  network.  The  final 
connection  to  the  customer  premises  in  this 
scheme  (the  last  mile  drop)  wiil  be 
predominantly  of  the  overhead  type. 
Consideration  was  given  to  installing  an 
additional  cable  to  the  premises  because  the 
existing  metallic  network  must  be  maintained 
intact.  However  there  are  two  objections  to  this 
plan;  aesthetically  it  is  unacceptable  to  connect 
two  cables  to  every  household  and  there  is  a 
limit  to  the  number  of  cable  drops  existing  poles 
can  support. 


Thus  a  need  arises  for  a  composite 
overhead  drop  cable  which  can  maintain  the 
final  connection  in  the  existing  metallic  network 
and  support  the  future  optical  network. 

ENVIRONMENTAL  CONSIDERATIONS: 

The  environmental  conditions  which  have 
to  be  considered  in  the  design  of  this  product 
are  a  temperature  range  for  the  optical 
performance  of  -200C  to  +80#C,  wind  speeds  of 
up  to  128  km/hr,  single  unsupported  span 
lengths  of  68m  and  a  radial  thickness  of  ice  of 
5mm.  A  small  diameter  is  desirable  such  that  the 
cable  can  offer  a  minimum  environmental 
impact. 

These  environmental  considerations  had 
to  be  catered  for  within  the  following  boundary 
conditions: 

-A  maximum  diameter  for  the  cable  of  10mm 
•2  fibres  and  2  copper  pairs  are  to  be  provided 
•All  elements  to  be  oasily  separated  both  from 
the  structure  and  from  each  other 
•A  sag  at  installation  of  1%  of  span  length  must 
be  achieved. 

The  design  of  the  cable  has  to  satisfy  a 
number  of  conflicting  requirements.  Fibre  strain 
at  maximum  operational  load  must  be  limited  in 
order  to  maximize  the  service  life  of  the  product. 
Installation  tensions  must  be  achievable  by 
single  man  operation.  The  cable 
construction/geometry  should  allow  easy  break¬ 
out  of  the  copper  and  fibre  elements. 
Consideration  must  be  given  to  enable  the  use 
of  standard  metallic  overhead  drop  cable 
terminating  devices  and  cable  dispensers. 


If  fibre  strain  must  be  limited  to  a  certain 
level,  and  the  small  diameter  criterion  rules  out 
all  but  the  smallest  cables,  cable  strain  must  also 
be  limited  to  a  similar  level  to  that  allowable  for 
the  fibre.  Necessarily  this  results  in  a  high 
ultimate  breaking  strain  for  the  cable,  and  if  the 
cable  then  becomes  tangled  with,  for  example,  a 
truck,  then  at  all  costs  the  supporting  pole  must 
survive! 
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Our  solution  to  this  dilemma  was  to  o»n 
tha  strtngth  mambar,  though  not  the  op'-cai 
lobe  at  the  point  of  suspension,  and  suspend  tho 
cable  through  a  mechanical  fuse  as  shown  in 
figure  1. 

CABLE  DESIGN: 

To  meet  the  criteria  set  out  above,  several 
potential  designs,  including  multiple  lobe  cables, 
were  considered  and  ranked  according  to 
effective  cable  diameter,  cable  weight,  cable 
strain  at  maximum  operating  tension,  and 
required  installation  tension  for  a  sag  of  1%  of 
span. 


We  chose  a  two  lobe  cable  incorporating  a 
composite  steel/copper  catenary  lobe  as  figure  2. 
This  design  offered  the  prospect  of  employing 
standard  installation  practices  and  grips. 
Separate  Joint  boxes  are  required  for  the  copper 
and  optical  elements  of  the  cable,  the  metallic 
distribution  point  (DP)  will  be  situated  at  the  top 
of  the  pole  and  the  optical  DP  will  be  housed  in  a 
footway  box  at  ground  level,  thus  the  copper 
wires  in  the  form  of  the  catenary  lobe  can  be 
connected  to  the  metallic  DP  without  any  need  to 
break  them  out  from  the  protection  of  their 
sheath. 

To  align  with  the  future  development  of 
test  devices  using  local  light  injection  or 
detection,  we  chose  loose  tube  protection  for 
250  pm  primary  coated  fibres. 

The  resulting  design  parameters  were: 

•A  major  axis  of  9.75mm 
•A  minor  axis  of  6mm 
•Cable  weight  63kg/km 
•Installation  tension  500N 
•Maximum  operational  tension  2000N 
•Maximum  cable  strain  of  0.4%. 

The  cable  geometry  selected  was  then 
optimized  to  satisfy  the  environmental  and 
mechanical  requirements  put  on  it.  It  became 
clear  that  with  the  boundary  conditions  as  they 
were,  we  could  not  limit  the  fibre  strain  to  the 
very  low  levels  in  current  practice  at  any  level  of 
cost  remotely  commensurate  with  the  eventual 
market.  Convention  suggests  that  the  fibres 
must  be  proof  tested  to  at  least  three  times  the 
maximum  service  strain,  which  we  had  set  at 
0.4%.  BICC  offers  two  versiens  of  the  cable,  one 
with  fatigue  resistant  fibres  and  the  other  with 
standard  fibres  proof  tested  to  at  least  1.25%. 


THEORETICAL  ANALYSIS: 


Wa  used  a  computer  simulation  for  aerial 
cables  on  the  environmental  conditions  that  the 
cable  will  have  to  meet  and  obtained  an  output 
of  tensions,  verticr.l  sags,  horizontal  blow-off 
and  cable  strain,  shown  in  figures  3  and  4. 


The  equations  relating  cable  tension,  sag 
and  strain  have  been  formulated  into  a 
computer  programme'.  The  programme  solves 
a  cubic  equation  relating  cable  stress,  total  cable 
loading  and  environmental  parameters  in  order 
to  give  values  of  tension  and  sag  and  thus  cable 
strain  under  a  given  set  of  conditions.  The  curve 
which  represents  the  profile:  taken  up  by  an 
aerial  cable  of  constant  mass  per  unit  length  is  a 
hyperbola.  However  the  calculations  involved  by 
using  this  profile  are  prohibitively  complex.  A 
good  approximation  for  these  sizes  of  cable  and 
lengths  of  span  is  a  parabolic  profile.  The 
following  change  of  state  equation  applies; 


.Wi*L*E  Wy*L*E 

*  tjifvCvf  *  fl  *  1,1  ■  t?>cTElf2I  *  ~24a5~  ■  0 


Where; 

wi  Total  cable  loading  sta*^  1 
W2  Total  cable  loading  statu  2 
ft  Tensile  stress  state  1 

f2  Tensile  stress  state  2 

ti  Temperature  state  1 

tj  Temperature  s*  ate  2 

L  Cabie  length 

A  Cross-sectional  a.  ea  of  steel 

Ct  Co-efficient  of  thermal  expension 

of  steel 

E  Young's  modulus  of  steel 

Solving  for  the  stress  on  the  cable  at  state 
two  (fj)  leads  to  a  predicted  tension,  sag  and 
strain  for  the  cable  under  the  new  environmental 
conditions. 

We  catered  for  non-circular  cross-section 
cables  by  using  a  second  computer  model  to 
calculate  effective  cable  diameters  and  ice 
thicknesses.  It  is  essential  that  the  value  of 
effective  ice  thickness  calculated  when  applied 
over  the  effective  cable  diameter  represents  the 
same  mass  of  ice  as  over  the  actual  cable  form. 
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MANUFACTURING  CONSIDERATIONS: 

The  manufacture  of  this  cable  entailed 
addressing  two  problems,  the  shrink-back  of  the 
polyethylene  over  the  optical  fibre  tube  and 
adhesion  of  the  insulation  to  the  catenary. 
Tooling  was  considered  which  would  generate  a 
pressure  set  up  over  the  catenary  lobe  and  a 
tubing  set  up  over  the  optical  fibre  unit.  During 
early  manufacturing  trials  this  hybrid  tooting  set 
up  proved  unnecessary  and  a  conventional 
figure  '8'  style  set  up  with  gradual  cooling  in 
water  proved  acceptable. 


EXPERIMENTAL  RESULTS: 

Type  approval  ol  this  product  will  consist 
of  qualification  of  the  cable  against  the  design 
requirements.  Some  tests  on  prototype  versions 
of  the  cable  have  been  carried  out  at  the  time  of 
writing. 

Tensile  testing  of  the  cable  in  March  1989 
resulted  in  a  cable  strain  measurement  of  0.36% 
at  a  load  of  1500  Newtons  (the  design  load  at 
that  phase  of  the  project).  The  corresponding 
fibre  strain  at  that  load  was  0.19%  (see  figure  5), 
the  difference  between  the  two  strain 
measurements  is  attributed  partly  to  the  slack 
fibre  installed  in  the  tube  during  manufacture 
but  mainly  to  the  action  of  extra  fibre  being 
pulled  into  the  tube  during  the  test  on  the 
necessarily  short  sample.  At  the  samo  time  the 
break  load  of  the  cable  was  measured  at  5,750 
Newtons. 

Having  recognised  the  consequence  of 
fibre  uptake  by  the  cable  under  the  effect  of 
strain,  further  testing  was  carried  out  to  compak  _ 
suitable  methods  of  fibre  locking,  thus  ensuring 
that  fibre  strain  and  cable  strain  are  essentially 
equal. 

Further  cable  strain  measurements  were 
performed  on  a  version  of  the  cable  designed 
for  higher  loads.  A  predicted  cable  strain  of 
0.28%  at  1600  Newtons  correlates  well  to  a 
measured  value  of  0.23%. 


CONCLUSIONS: 

For  some  time,  the  world  has  expected 
optical  fibre  technology  to  advance  forward  into 
the  home.  With  this,  most  analysts  agree,  will 
come  a  step  volume  change  and  a  quickening  of 
the  pace  of  development  of  both  infra  structure 
and  services.  We  offer  the  upgrade  path;  by 
providing  a  cable  capable  of  supporting  existing 
services,  whilst  containing  the  optical  fibre  ready 
for  future  deployment  without  double 
installation  costs,  the  scene  can  be  set  for  the 
final  push  forward  of  the  alt  optical 
telecommunications  path. 

A  product  now  exists  with  which  BICC  can 
supply  those  who  wish  to  take  advantage  of  the 
emerging  technology  of  broadband  optical 
communication  but  do  not  wish  to  take  the  full 
step  of  changing  directly  to  an  all  optical  link  to 
the  subscriber  premises.  This  cable  represents  a 
solution  in  that  transition  stage. 

An  additional  piece  of  work  has  been 
carried  out  on  an  all  optical  aerial  subscriber  feed 
cable  which  will  be  the  ultimate  version  of  this 
category  of  cable. 
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UUh  the  evolution  of  an  information-oriented  soci¬ 
ety,  study  and  evaluation  of  an  optical  trans¬ 
mission  system  which  can  ho  introduced  to  general 
household*  has  been  undertaken.  Under  such  cir¬ 
cumstances,  the  author*  have  designed  optical/ 
electric  power  feeder  cable  fur  outdoor  and  indoor 
use,  integrating  optical  line  for  Information 
iranMlssion  with  power  feeder  cable  in  order  to 
attain  the  goal  of  hone  automation  (HA),  keeping  in 
nlnd  the  need  for  aesthetics,  efficient  utilisa¬ 
tion  of  space,  and  economy.  A  method  of  Indoor  in¬ 
stallation  has  also  been  studied. 

We  have  also  developed  an  optical/electric  power 
feeder  composite  socket,  which  permits  the  use  of 
existing  commercial  power  outlets  as  outlets  for 
optical/electric  power  feeder  cable  in  each  room. 
An  optical  cord  reel  has  also  been  developed  to  fa¬ 
cilitate  flexible  connection  of  equipment  with  the 
socket. 

This  composite  optical/electric  power  feeder  ca¬ 
ble,  socket  and  optical  cord  reel  have  been  In¬ 
stalled  In  the  “totally  electrified  model  house" 
constructed  in  the  compound  of  the  Applied  Technol¬ 
ogy  geseareh  and  Development  Center  of  Tohoku  Elec¬ 
tric  Power  Co.,  Inc.,  and  the  excellent 
workability,  adaptability,  technical  characteris¬ 
tics,  maneuverability  and  aesthetic  features  of 
the  system  and  its  components  have  been  firmed. 

1.  Introduction 

With  the  evolution  of  an  lnformation-oricntQd  soci¬ 
ety,  attempts  are  being  made  to  introduce  an  opti¬ 
cal  transmission  system  to  general  households  in 
order  to  cepe  vtth  the  strong  demands  for  intelli¬ 
gent  housing  and  home  automation  (HA).  Various  op¬ 
tical  cable  lines  for  subscribers  have  been  devel¬ 
oped  to  meet  the  diversified  and  high-grade  demands 
being  made  on  communication  systems.  Thus  far, 
however,  design  of  powe,  distribution  systems  for 
operation  of  terminal  equipment  and  devices  hss 
been  limited  to  individual  purposes. 

Under  such  circumstances,  problems  may  arise  with 
the  introduction  of  optical  transmission  to  gen¬ 
eral  households  because  of  limited  space  and  the 
need  to  consider  demands  for  aesthetics  and 
economy.  The  authors  have  designed  a  composite 


system  for  eptical/electric  power  transmission 
which  integrates  optical  lines  with  electric  power 
feeder  cable  in  order  to  meet  the  requirements  for 
HA  equipment  in  intelligent  houses.  The  methods  of 
installation  and  wiring  of  this  system  have  also 
been  studied.  Also,  a  composite  optical/elect rlc 
(tower  feeder  socket  has  been  developed,  incor¬ 
porating  the  push-pu*l  optical  connecter. 

The  socket  can  he  used  with  the  commercial  power 
feeder  outlet  in  individual  rooms  as  the  outlet  for 
the  composite  optical /electric  (tower  feeder  cable. 

In  a  private  house,  HA  equipment  and  devices  are 
often  moved  from  one  place  to  another.  If  the  con¬ 
ventional  optical  cord  is  us-d  for  the  connection 
between  the  socket  and  the  HA  equipment,  the  range 
of  mobility  of  the  equipment  is  limited  by  the 
length  of  such  cord.  If  a  longer  cord  is  used,  prob¬ 
lems  may  arise  due  to  the  excess  length  of  cord  when 
the  equipment  is  moved.  To  solve  this  problem,  an 
optical  cord  reel  has  been  developed,  in  which 
optical  cord  with  a  connector  at  each  end  is  wound 
on  a  reel,  thus  meeting  the  need  for  mobility  as 
well  as  aesthetics. 

The  new  system  and  product  have  been  abopted  in  the 
"totally  electrified  model  house"  built  in  the  com¬ 
pound  of  the  Applied  Technology  Research  and  Devel¬ 
opment  Center  of  Tohoku  Electric  Fewer  Co.,  Inc. 
As  a  result,  the  practical  features  and  the  useful¬ 
ness  of  the  system  and  the  product  have  been  demon¬ 
strated. 

In  this  paper,  ue  will  describe  ihQ  unique  features 
of  this  system  and  its  components. 

?.  Evaluation  of  the  composite  optical/olccirlc 
power  feeder  cable 

This  cable  combining  optical  fiber  with  electric 
power  feeder  cable  baa  excellent  labor-saving  fea¬ 
tures.  Abovo  all,  when  optical  cable  is  introduced 
to  the  houses  of  subscribers,  the  combination  of 
electric  power  feeder  cable  (for  operation  of  opti¬ 
cal  transmission  equipment)  and  optical  fiber  will 
result  in  on  aes'  etic  appearance  and  efficient 
utilisation  of  sp:  . . 

We  evaluated  the  features  of  the  composite  cable 
system,  which  combines  optical  fiber  with  power 
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feeder  cable  leading  Inside  (cable  for  outdoor 
vh). 


7.1  Evaluation  of  the  cogggaUe  aptlesl/eleetrlc 
power  fce4er  cable  fer  outdoor  me 

for  the  development  of  the  conposlteeptlcal/elec- 
trlc  power  feeder  cable  for  outdoor  use,  evaluation 
wee  Mde  according  to  the  following  design  crite¬ 
ria! 

(1)  In  order  to  reduce  the  nuober  of  connection 
points  100  V  CK  is  adopted  for  the  application  re¬ 
gardless  of  whether  it  is  outdoor  weather  proof 
pelyvlnyl  chloride  insulated  wires  or  polyvinyl 
chloride  Insulated  drop  service  wires  lead-in 
line. 


(2)  for  efficiency  and  general-purpose  applica¬ 
tion,  conventional  anchoring  and  connecting  proce¬ 
dures  oust  be  applicable  and  optical  cable  and 
power  feeder  cable  must  be  easily  separable. 

(3)  The  nunber  of  optical  fibers  and  the  site  of 
power  feeder  cable  must  be  freely  selectable. 


With  full  consldei  atlon  given  to  the  above  condi¬ 
tions.  a  pre-hanger  (polyethylene  connection 
piece)  was  adopted,  which  had  exhibited  a  good  re¬ 
cord  in  the  past  in  use  with  optical  cable  in  power 
distribution  systems  and  with  regard  to 
separability,  and  resistance  to  factors  of  weather 
such  as  wind  and  snow.  Aa  shown  in  Fig.  1,  suspen¬ 
sion  wire,  fiower  feeder  cable  and  optical  cable  are 
arranged  in  paralled  and  integrated  by  this 
polyethylene  connection  piece  with  fixed  spacing. 
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Pig.  1  Composite  optical/electric  povre  feeder 
cable  for  outdoor  use 


2.2  Evaluation  of  the  composite  optleal/eiectrlc 
power  feeder  cable  for  indoor  use 

For  the  development  of  the  composite  optical/elec- 
trie  power  feeder  cable  for  indoor  use,  evaluation 
was  made  according  to  the  following  design  crite¬ 
ria: 

(1)  To  facilitate  the  Installation  of  the  cable  in 
conjunction  with  existing  indoor  distribution  chan¬ 
nels,  the  outer  diameter  of  the  cable  must  be  equal 
to  that  of  conventional  power  feeder  cable  (about 
it  M). 

(2)  Optical  fiber  and  power  feeder  cables  must  be 
easily  separable  for  convenient  workability. 

With  full  consideration  given  to  the  above  condi¬ 
tions,  the  structure  of  the  indoor  composite  cable 
was  evaluated,  and  the  site  of  power  feeder  was  set 
at  3.3  mm1  (stranded  annealed  copper  wire),  assum¬ 
ing  the  maximum  allowable  current  value  to  be  19  A 
and  paying  special  attention  to  flexibility. 

Two  types  of  structures  for  the  ctole  have  thus 
been  developed:  a  spacer  type  and  a  cord  type. 
(Fig.  2) 
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( b)  Certf-iyH 

Flgm  2  Composite  opt lea l/«l«c trie  po*»r 
feodar  cable  for  Indoor  uie 

The  spacer  typo  is  a  kind  of  slot  type  cable  in 
which  optical  fiber  is  accommodated  in  a  special 
grooved  fan-shaped  spacer  and  stranded  around  the 
power  feeder  In  order  to  prevent  the  application  of 
direct  lateral  pressure  on  optical  fiber.  This 
structure  is  not  only  excellent  in  mechanical  prop¬ 
erties  but  also  4-flber  ribbon  tape  enn  be  accommo¬ 
dated  in  the  fan-shaped  spacer.  Using  ribbon  fiber 
up  to  24  optical  fibers  can  be  accommodated. 

On  the  other  hand,  the  cord  type  cable  has  a  cord  in¬ 
corporating  c-nylon-coated  optical  fiber  of  0.9 
mad,  which  is  stranded  around  the  electric  power 
•  o-  r  c»  The  2  optical  cords  and  the  electric 


252  International  Wire  &  Cable  tvn  no-'-  ,n  Proceedings  1989 


pouti  feeder  cable  can  b«  easily  separated,  and  in¬ 
dependently  ustd  Cor  indoor  wiring. 

2.1  Chsrseterlstlet  of  the  composite  optical/ 

electric  power  fesdcr  cabla  ‘ 

TabU  l  ensmariac*  the  result*  of  the  evaluation  oC 
the  characteristic*  of  the  composite  optical/ 

electric  power  feeder  cable  we  have  developed  for 
outdoor  and  indoor  use. 

Both  electrical  and  optical  characteristic*  have 


been  found  to  be  satisfactory  and  suitable  for 
practical  application,  and  there  is  n«  indication 
of  degradation  in  characteristics  due  to  the  combi¬ 
nation  of  optical  fiber  and  electric  power  feeder 
cable. 

3.  Composite  optleai/eiectric  power  feeder  socket 

A  composite  optical/electrlc  power  feeder  socket 
has  been  developed  according  to  the  following  de¬ 
sign  criteria: 


Table  1  Characteristics  of  composite  optical/oleclrl'  power  feeder  cable 


l  T  t  mm 

Testln*  undi  lions 

Coble  for 
Outdoor  use 

Coble  for  Indoor  use 

Spocer-type 

Cord  -  type 

Electrical 

chorocltr- 

lt tics 

Withstood 

voltage 

J1S  C  3005  8(1) 
AC  2000V  for  Imin 

No  short 
circuit 

No  short 
circuit 

No  short 
circuit 

Insulation 

resistance 

JIS  C  3005  9.1 

280  oa  •  km 

1100  Mil  ■  km 

1000  MO  •  km 

Optical 

character¬ 

istics 

Temperature 

-20  -  +60*C 

No  loss  chonge 

No  loss  chonge 

No  loss  chong* 

Tension 

— 

Wamm 

No  loss  chonge 
(Ft  3800kg) 

No  loss  chonge 
(F.C  200kg) 

No  loss  Choice 
(F31 200 kg) 

Compression 

*■  l!j — 1 

n 

No  loss  chonge 
(FjStOOtg/SOmm! 

No  loss  chonge 
(FfdOOkprSOmm) 

No  loss  chong* 
(FOOOfcg/SOmrO 

Bending 

No  loss  chonge 

No  loss  chonge 

No  loss  chong* 

Impoct 

,-i — ,!  1  , 

Impoct  food  :  1  kg 
Htlghtfdrop)  :  Im 
impMt  body :  m*!ol 
body  of  23mm* 

No  loss  chonge 

No  loss  chongt 

No  toss  chong* 

Torsion 

-Jr 

»  J 

W*25kf 

No  loss  chonge 

No  loss  chong* 

No  lots  chongs 

Vibration 

Amplltudt  :  15mm 
frtquoncy  :  IOHj 
Vlbrollon  timo  :  10* 

No  loss  chonge 

No  loss  change 

No  loss  chong* 
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(1)  Full  consideration  mutt  be  given  to  the  use  of 
general-purpose  power  outlet  for  the  purposes  of 
efficient  use  of  space,  aesthetics  sad  low  cost. 

(2)  to  facilitate  free  movement,  optical  sockets 
and  power  sockets  must  be  Independent  and  usable 
separately. 

(3)  Existing  optical  connectors  must  ho  used  for 
low  cost  and  general-purjmse  applications. 

Figure  3  shows  the  structure  of  the  composite 
optlcal/olectrlc  power  feeder  sockets  developed  to 
meet  the  above  conditions  and  Fig.  c  shows  the  ex¬ 
ternal  appearance  of  the  socket. 


Fig.  3  Composite  optical/clectric  power 
feeder  socket 


Fig.  4  Composite  optical/clectric  power 
feeder  socket 

For  the  optical  socket  unit,  the  push-pull  type 
connector*'*  for  slnglo  fiber  as  used  In  the  NTT 
subscriber  system  was  used.  Unlike  the  conven¬ 
tional  screw  engagement  type,  this  connector  is  de¬ 
tachable  only  In  the  longitudinal  direction,  pro¬ 
viding  extremely  high  maneuverability.  This  opti¬ 
cal  socket  also  has  a  dustproof  and  waterproof 
cover. 


4.  Optical  cord  reel 

4,1  Structure  of  optical  cord  reel 

An  optical  cord  reel  has  been  developed  according 
to  the  following  design  criteria: 

(1)  The  structure  of  the  cord  reel  must  allow  for 
flexible  movement  of  HA  equipment  and  devices. 


(2)  When  not  In  use,  the  optical  cord  must  bo 
accommodated  In  compact  fovm. 


(3)  The  reel  should  be  able  to  withstand  the  Impact 
of  falling  objects. 

Figure  3  shows  the  external  appearance  of  the 


Pig.  3  Optical  cord  reel 


optical  cord  reel  thus  developed.  The  optical  cord 
Incorporates  2-nylon-coatcd  fiber  In  2-flbcr  cord 
form,  and  has  a  connector  at  each  end  to  facilitate 
easy  handling,  flexibility  and  protection  from  ex¬ 
ternal  force.  The  length  of  the  cord  was  set  at  10 
m,  a  suitable  length  for  the  living  room  of  an 
average  Japanese  house.  When  not  In  use.  the  opti¬ 
cal  cord  Is  wound  on  an  encased  reel,  and  It  can  be 
conveniently  unwound  to  various  lengths  thus  pro¬ 
viding  for  flexible  movement  of  HA  equipment. 

4.2  Characteristics  of  the  optical  cord  reel 


This  cord  reel  is  primarily  designed  for  use  in 
general  households.  Therefore,  It  must  have  suffi¬ 
cient  mechanical  strength  to  withstand  the  impact 
or  of  being  stepped  on  of  falling  objects. 

The  results  of  evaluation  tests  on  the  optical  cord 
reel  In  an  operating  envlromcnt  are  summarized  in 
Table  2.  as  evident  from  this  table,  satisfactory 
results  were  obtained  In  the  tests  of  repeated 
pulling,  impact  and  falling,  thus,  the  practical 
usefulness  of  the  product  was  demonstrated. 


By  incorporating  this  optical  socket  with  the 
gonerai-purposo  power  feeder  outlet,  optical  fiber 
can  be  introduced  Into  existing  house  without  the 
need  to  Install  new  optical  socket  units.  It's 
possible  to  use  the  existing  distribution  conduit 
ar.d  power  outlets,  thus  ablirg  better  external  ap¬ 
pearance  and  reduction  of  material  and  installa¬ 
tion  costs. 


5,  Cable  Installation 

5.1  Evaluation  of  wiring  procedure 

The  composite  optical/clectric  pouer  feeder  socket 
is  designed  to  facilitate  the  use  of  the  general- 
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purpose  electric  power  outlets. 

Table  2  Characteristics  eC  optical  cord  reel 


Iftm 

Tallin?  condition* 

Tan  mull 

RepaetW 

p«Hin» 

|c«»«  jr-f 

ImumS  ^  Vi 

OfllMl  <«« 

Lon  variation  it 

tail  than  00318 

ot  300  tlmai 

Impact 

r0**l  M 
\m  1 

to 

I-homi  nml  Mir  *t 

Nachonpt  In 

aiHinol  epeaoranca 

No  Ian  Chanda 

Fallfnt 

No  chanpa  in 

attain*!  oppaotanca 

However  it  is  not  easy  to  perform  fusion  splicing 
and  to  handle  excess  length  of  cable  in  the  compoa- 
lte  socket  unit  due  to  the  small  Internal  space.  In 
order  to  promote  the  workability  of  the  composite 
socket  unit,  connector  splicing  was  adopted  for  the 
connection  with  the  optical  socket. 

The  distribution  conduit  installed  Inside  the  wall 
in  an  ordinary  house  In  snail  in  dianeter  and  it  is 
not  very  practical  for  passage  of  a  ternlnal  with 
an  optical  connector. 

For  this  reason,  a  Joint  box  is  installed  in  the 
upper  part  of  the  duct  for  installation  of  Indoor 
composite  cable,  the  c'sble  vlth  an  npticnl  connec¬ 
tor  at  one  end  being  run  through  the  conduit  from 
the  conposite  socket  coward  the  Joint  box. 

5.2  Evaluation  of  wiring  possibilities 

Tohoku  Electric  Power  Co.,  Inc.  has  built  a  "to¬ 
tally  electrified  nodel  house"  in  the  conpound  of 
the  Applied  Technology  Research  and  Development 
Center  for  the  study  of  intelligent  houses  and  homo 
automation  of  the  future. 

The  newly  developed  optlcal/clcctrlc  power  feeder 
composite  cable  for  Indoor  and  outdoor  use  and  the 
composite  optical /electric  power  feeder  socket 
were  installed  In  this  model  house,  in  order  to 
practically  assess  the  workability  and  optical  and 
electrical  characteristics  of  this  new  system. 

The  outdoor  cable  was  installed  on  a  drum  and  on  the 
inlet  of  the  underground  line,  only  the  suspension 
wire  was  separated.  After  installing  110  m  of  un¬ 


derground  line,  Ut  m  of  duct  and  15  m  of  inlet  pipe 
in  the  IDF  of  the  main  building.  Figure  8-shaped 
wiring  was  performed,  and  165  m  of  aerial  line  wan 
Installed  up  to  the  laboratory.  Conventional  tools 
and  processing  could  be  applied  for  Installation 
and  anchoring.  Power  feeder  cable  and  optical  ca¬ 
ble  could  be  easily  separated,  and  satisfactory  ma- 
neuverablllt.  was  verified.  Further  more,  there 
was  no  sign  of  degradation  of  either  optical  or 
electrical  characteristics  before  or  after  Instal¬ 
lation,  and  the  high  degree  of  usefulness  of  the 
cable  was  verified. 

For  indoor  cable,  150  m  of  spacer  type  cable  was 
Installed  In  the  model  house,  and  100  t>  of  cord 
type  cable  was  Installed  in  another  main  building 
In  the  compound.  Figure  6  is  a  diagram  of  the  cable 
installation,  the  composite  cable  with  a  connector 
at  one  end  was  installed  from  socket  to  Joint  box 
and  from  optical  terminal  station  to  Joint  box. 
Excess  length  of  cable  could  bo  easily  accommodated 
in  the  Joint  box,  and  optical  connector  splicing 
was  used  for  the  connection  in  the  composite 
socket.  It  was  confirmed  that  splicing  was  achiev¬ 
able  within  the  socket  without  problem. 

6.  Conclusion 

With  the  evolution  of  an  Information-oriented  soci¬ 
ety,  study  and  evaluation  of  the  Introduction  of  an 
optical  transmission  system  tu  general  households 
has  been  undertaken.  The  authors  have  developed 
and  evaluated  a  new  composite  optical/electric 
power  feeder  cable  for  Indoor  and  outdoor  use  and 
assessed  the  required  Installation  procedures. 

These  cable  incorporate  the  optical  line  for  infor¬ 
mation  transmission  necessary  for  HA  equipment 
with  the  power  feeder  cable.  Further  more,  we  have 
developed  a  composite  optlcal/electric  power 
feeder  socket  as  a-  outlet  for  the  composite  cable 
in  each  room,  facilitating  the  use  of  commercial 
power  outlets.  Also,  an  optical  cord  reel  facili¬ 
tating  flexible  movement  of  1IA  equipment-  and  de¬ 
vices  has  been  developed  for  the  connection  ben -to 
socket  and  equipment. 

The  results  of  the  evaluation  rcvoalcd  the  practi¬ 
cal  usefulness  and  effectiveness  of  the 
optical/oleetric  power  feeder  cable  socket  and  op¬ 
tical  cord  reel  through  their  application  in  the 
"totally  electrified  model  house"  built  in  the  com¬ 
pound  of  the  Applied  Technology  Research  and  Devel¬ 
opment  Center  of  Tohoku  Electric  Power  Co..  Inc.. 

With  the  gradual  Introduction  of  subscriber  opti¬ 
cal  systems  to  individual  households,  an  increas¬ 
ing  demand  for  composite  cable  sockets  a..d  cable  to 
connect  the  socket  and  the  equipment  is  expected. 
The  application  of  our  newly  developed  system  will 
contribute  greatly  to  more  efficient  wiring  and 
power  distribution  in  private  houses. 


International  Wire  &  Cable  Symposium  Proceedings  1989  255 


rig.  6  Wiring  dlagraa  of  composite  optical/electrlc  power  feeder  ayatea 
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ELECTRICAL  CHARACTERISTICS  OF  A  METALLIC  DIGITAL  SUBSCRIBER  LINE  (DSL) 

FOR  THE  INTEGRATED  SERVICES  DIGITAL  NETWORK  (ISDN)  BASIC  RATE  INTERFACE  (BRI) 


Russell  C.  Popo  and  Jeffrey  Poulsen 


General  Cable  Company 
South  Plainfield,  New  Jersey 


I.  AfiSIBACI 

The  objective  ol  this  paper  Is  to  explore  outside  plant  metafile  cables 
as  tiro  Digital  Subscriber  Line  (DSL)  Intended  to  support  tire  Integrated 
Services  Olgital  Network  (ISDN)  Basic  Rate  Interlace  (BRI),  using  ns  a 
foundational  substructure,  tire  American  National  Standards  Institute 
(ANSI)  standard.  ANSI  Tl.GOt-1988'11,  An  overview  ol  the  ISDN  Is 
Initially  delineated  to  darky  the  topic,  which  Includes  applications,  lire 
chnnnol  structure,  the  Basic  Rale  Interface  (BRI).  the  Primary  Rata 
Interface  (PRI).  lire  major  configurations,  Ore  subscriber  loop  and  iho 
standards  activity.  Tost  data  are  studied  In  association  with  Iheorotlcal 
predictions  to  support  a  tlrorough  discussion  ol  tire  potential  Impact  ol 
lire  transmission  media  on  the  ISDN.  The  details  ol  the  theoretical 
analysis  Include  primary  electrical  parameters,  insertion  loss  and  com¬ 
plex  Impedance.  A  model  Is  prosontod  which  demonstrates  the  otlects 
ol  a  bridge  tap  on  cable  Insertion  loss  and  complex  Impedance.  The 
lest  data  oncompass  primary  oloctrlcal  parameters.  Insertion  loss, 
complex  Impedance,  crosstalk  and  pulse  response.  Ttreso  parameters 
are  explored  as  a  (unction  ol  various  loop  configurations  accounting  lor 
mixed  gauges,  bridge  laps  and  loop  kmgths. 


II.  BACKGROUND 

Technological  advances  fn  association  with  an  Increased  demand  lor 
Iho  otfldenl  collection,  processing  and  dissemination  ol  Information  oro 
loading  to  tho  dovolopment  ol  Integrated  systems  that  manlpulolo 
voice,  data  and  video  In  tho  form  ol  digital  signals.  Tho  Integrated 
Services  Digital  Network  (ISDN)  Is  tho  next  pliaso  ol  telecommunica¬ 
tions  Intended  to  support  enhanced  services  to  residential  and  com¬ 
mercial  subscribers,  over  a  digital  transport  system  through  n  series  ol 
standard  Interfaces  and  digital  switches.  A  uniformly  accessible  Inter¬ 
national  network  Is  under  devolopmonl  Implementing  multiple,  com¬ 
patible  ISONs.  Currently,  trial  ISDNs  are  under  Investigation  In  various 
parts  ol  the  world.  Including  Europe,  Japan  and  the  United  Stales. 
Large  scare  Implementation  ol  the  ISDN  In  the  United  States  Is  targeted 
lor  the  early  part  ol  tho  nexl  decade.  Careful  product  development  and 
network  Integration  Is.  therefore,  warranted  to  successlully  achieve  this 
extensive  enterprise. 


(1 )  Integrated  Services  Digital  Network  (ISDN)  -  Basic  Access  Interf  aco 
(or  Use  on  Metallic  Loops  lor  Application  on  the  Network  Side  ot  Use  NT 
(Layer  1  Specification),  ANSIT1.601-1988,  September  16, 1988. 


Unlimited  services  can  be  made  available  to  tlie  residential  and  com¬ 
mercial  subscriber  through  the  ISDN.  With  tire  Increasing  uso  ol 
computers,  especially  personal  computers  (PCs),  and  the  proliferation 
ot  user  terminals  and  local  Area  Networks  (LANs),  a  huge  and  growing 
demand  (or  data  sendees  has  emerged. 

Tlte  residential  tele  pi  tone  subscriber,  m  addition  to  a  standard  voice 
capability,  requires  access  to  a  multitude  ol  data  services.  Such 
services,  which  could  address  tlte  ISON  through  a  PC  or  terminal. 
Include  Information  rolrteval  systems,  banking,  stropping  and  other 
consumer  transaction  oriented  sendees.  Fuetirormoco.  the  office  could 
be  extended  to  tiro  homo  forfilo  transfer,  electronic  mall  and  other  office 
automation  capabilities.  Tiro  ISDN  could  eventually  furnish  tiro  home 
with  sendees,  such  ns  cable  television,  currently  provided  through  ottror 
media.  Other  value  added  services  could  encompass  interactive  infor¬ 
mation  retrieval  systems  such  ns  videotex.  Moreover,  enh,iced 
capabilities  lor  standard  tetepirone  service  can  be  readily  accom¬ 
modated.  such  as  automatic  dialing,  answering  and  paging. 

Initially,  lor  tho  commercial  subscriber,  basic  requirements  concerning 
data  raid,  reliability,  privacy  and  security  can  be  nddrossod  to  provide 
n  cost  oiioctive  digital  transport  systom.  Offices  can  bo  Interconnected 
tor  distributed  processing  ami  filo  transfer.  Furthermore,  video  tolocon- 
(orondng  can  bo  Inltinlod  without  reconfiguration  obstacles.  Goneraily. 
tiro  ISDN  win  need  to  provkfo  a  vnrioty  ol  data  transmission  services 
according  to  tiro  application  and  class  ol  sorvlco  required.  Tlwso  basic 
data  provisions  can  bo  lurthor  supplemented  by  more  esoteric,  miscel¬ 
laneous  services. 
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ISDN  APPLICATION  BLOCK  DIAGRAM 
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The  data  capacity  required  by  each  ISON  user  may  vary;  therefore,  tho 
ISON  digital  structure  must  be  flexible.  However,  a  totally  flexible  digital 
structure  would  be  unmanageable  lor  the  network.  Consequently,  an 
expandable  ISON  channel  structure  has  been  established,  lo  provide 
versatility  for  the  user  yet  exhibit  maintainability  for  the  network. 

The  major  foundation  for  the  ISDN  channel  structure  is  based  on  the  U 
and  0  designated  channels.  The  B  channel  is  the  fundamental  user 
channel  ofledog  a  54  Kbps  data  capability.  The  0  channel  provides  a 
1 6  Kbps  or  64  Kbps  daia  capacity,  lor  the  exchange  ot  control  Informa¬ 
tion  between  flic  user  and  the  network  and  to  support  low  speed  data 
requirements. 

Other  recommended  channel  arrangements  Indude  a  364  Kbps  HO 
channel,  a  1.472  Mbps  H10  channel  and  a  1.530  Mbps  HI  I  diannel. 
The  HO,  HIO  and  HI!  diannels  w«t  provide  a  vehicle  for  high  data 
capacity  requirements. 

TABLE  1 


iSBtLQM.A^.N.£L-?IBLLCIUBE 


Channel 

Designation 

Data  Rato 

Applications 

B 

64  Kbps 

Digital  Voice 

Circuit  Switched 

Data 

Packet  Swltdiod 

Data 

FacsImHo 

Slow-Scnn  Video 

O 

16  or  64  Kbps 

Signaling 

Low  Speed  Data 
VkJeotox 

Alarms 

Energy  Management 

HO 

384  Kbps 

High  Spoed  Data 

HIO 

1.472  Mbps 

High  Spood  Data 

Video 

H11 

1.530  Mbps 

T1  Facility’ 

Video 

*  1.544  Mbps  with  overhead. 


A  two  wire  Interface  providing  a  144  Kbps  data  capability  (o  Dio  ISDN 
user  has  boon  defined  as  tho  Basic  Rato  Intorfoco  (BRI).  Tho  BRI  Is 
mainly  configured  for  tho  residential  subscriber.  Tho  channel  struduro 
ol  tho  BRI  Is  typically  designated  28  +  D  (2  x  64  Kbps  +  16  Kbps  - 
144  Kbps);  however,  alternate  conllgurations  are  also  possible.  Due 
to  overhead  digital  Information  such  as  framing  and  synchronization, 
the  adual  transmission  rate  (or  the  BRI  could  bo  192  Kbps,  with  40 
Kbps  necessary  to  support  the  144  Kbps  capacity  available  to  the  ISDN 
usor.  However,  with  the  advent  ol  the  CCfTT  Common  Channel 
Signaling  System  Number  7  (SS7)  Central  Office  (CO),  tho  overhead 
Is  reduced  to  16  Kbps  tor  on  actual  transmission  rate  ol  160  Kbps. 

The  ISDN  Primary  Rate  Intertaco  (PRI)  Is  defined  as  a  four  wire 
Interlace  providing  a  data  capacity  ot  1.536  Mbps  to  tho  user.  The 
channel  strudure  ol  the  PRI  is  typically  designated  as  23  B  +  D  (23  x 


64  Kbps  +  64  Kbps  «  1.536  Mbps);  however,  a  multitude  of  configura¬ 
tions  are  possible  using  the  HO,  HIO  and  HI  t  channels,  lor  example. 
With  8  Kbps  lor  overhead  digital  information,  the  transmission  rate  for 
the  PRI  Is  1.544  Mbps  which  coincides  with  the  North  American  DS1 
transmission  rate.  Based  on  the  Conference  of  the  European  Post  and 
Telecommunications  (CGPT)  digital  hierarchy,  a  2,048  Mbps,  lour  wire 
Interface  Is  also  under  consideration.  This  Interface,  which  Is  the 
European  counterpart  ot  DS1,  otters  additional  capacity-  A  possible 
diannel  structure  may  be  30  Be  D  (30  X  64  Kbps  +  64  Kbps  » 
t  .984  Mbps)  with  64  Kbps  tor  overtiead  to  yield  2.048  Mbps. 

Access  (o  the  ISDN  lor  tho  Basic  Rate  Interlace  (BRI)  and  the  Primary 
Rate  Interface  (PRI)  Is  defined  by  Functional  Groups  and  Reference 
Points, 
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Tho  Functional  Groups  aro  designated  tho  ExchangoTennlnatlon  (ET), 
Une  T ermlnatton  (Lli,  Digital  Subscriber  Line  (DSL),  Network  Tormina- 
lion  (NT),  Terminal  Equipment  (TE)  and  Torrolnal  Adapter  (TA).  The 
major  (unctions  ol  the  ET Indudo  diannel  separation,  signal  Inlormation 
processing,  Information  control  How,  network  access  and  DSL  termina¬ 
tion.  Tho  LT  terminates  the  DSL  In  Use  Central  Olfloo  (CO),  and  the  ET 
and  LT  Jointly  comprise  the  ISDN  CO.  The  DSL  provides  the  transmis¬ 
sion  path  between  the  CO  and  the  subscribers.  7 ho  DSL  and  CO  are 
cottedlvety  referred  to  as  the  Carrier  Network.  T!.c  NT  Is  available  as 
theNTt,NT2orNT12.  The  NT!  indudes  functions  associated  with  the 
physical  and  electrical  termination  of  the  ISDN  on  the  user's  premises. 
The  NT1  may  be  controlled  by  the  ISDN  provider,  and  tonus  a  boundary 
to  the  network  to  Isolate  the  user  from  the  transmission  technology  of 
the  DSL  and  perform  line  maintenance  functions.  The  NT2  Is  an 
Intelligent  device  such  as  a  digital  PBX  or  LAN.  NT1 2  Is  a  single  devfce 
wltldi  provides  the  combined  (unctions  ol  NT1  and  NT2.  Due  to 
regulatory  considerations,  the  NT  12  will  probably  no!  be  permitted  In 
the  United  States.  The  TE  refers  lo  user  equipment.  TE1  designates 
ISDN  compatible  equipment  where  TE2  denotes  non-ISDN  equipment 
TE2  requires  a  TA  which  assures  ISDN  compatibility.  NT1,  NT2,  and 
TEI  or  TA  and  TE2  comprise  tho  Customer  Provided  Equipment  (CPE). 
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The  Reference  PoinU  are  designated  R,  S,  T  and  U.  R  is  tt*  point 
between  the  TE2  and  TA.  and  Is.  therefore,  a’nJttfluj  wtth  the  use  o<  tt* 
TEJ.  S  Is  th*  point  between  the  TEI  and  N72  or  the  TAond  NT2. 
T  Is  lb*  point  between  fw  NT!  and  NT2.  U  Is  the  Network  Interface 
(Ml),  it*  point  between  the  NT1  and  DSL  It  defmos  it*  access  point 
to  It*  CPE  from  tt*  Carrier  Network 

Since  tl*  PRI  Is  a  (our  wire  Interface  at  1.544  Mbps,  fuN  duplex 
operatton  can  be  accommodated  to  standard  Tl  facilities  Incorporated 
Into  it*  ISON  structure.  The  BRI,  however,  poses  a  dilemma,  as  the 
Installed  physical  plant  employing  a  two  wire  Interface  cannot  currently 
support  high  performance,  (ufi  duplex  operation  at  160  Kbps. 

A  device  called  the  echo  canceler  transceiver  has  been  proposed  ns 
an  adjunct  to  the  existing  subscriber  loop.  The  transmission  system 
uses  it*  echo  canceler  with  hybrid  principle  to  provide  (us  duplex 
operation  at  160  Kbps  with  ths  level  ot  performance  required  lor  tl* 
ISON  BRI.  Since  tl*  BRI  must  provide  fui  duplex  operation  at  ICO 
Kbps  over  a  two  wire  Interface,  rattier  than  a  lour  wtro  Interface,  the 
echo  canceler  wanscelver  must  perform  an  Intervening  (unction.  Using 
a  coding  technique  designated  2Q1Q  for  two  binary  I  quaternary, 
the  t*“>  160  Kbps  binary  (two  level)  signals  can  cacti  be  expressed 
as  quaternary  (bur  level)  signals  at  a  signaling  rate  ot  60  Kbps,  lor  an 
overal  bi-directional  data  rate  ot  160  Kbps,  The  ectio  canceler 
transceiver,  therefore,  provides  fun  duplex  operation  over  a  two  wtro 
Interface  while  maintaining  the  data  rate  ot  160  Kbps. 

The  ISON  concept  was  ottidatty  Initiated  In  1 968  through  Special  Study 
Group  C  o(  the  CCtTT.  CCITT  is  the  acronym  lor  Consultative  Com¬ 
mittee  ol  International  Telegraph  and  Telephone,  a  United  Nations 
treaty  organization  primarily  composed  ol  It*  postal,  tolograph  and 
telephone  (PTT)  authorities  ol  the  member  nations.  Governing  the 
CCITT  Is  the  international  Telecommunication  Union  (ITU),  on  or¬ 
ganization  dedicated  to  promoting  and  ensuring  tt*  operation  ol  inter- 
national  telecommunication  systems  The  CCITT  remains  tl*  major 
thrust  tor  the  ISDN.  In  Europo,  tl*  CCITT  Is  working  dosoly  wtth  tho 
Conference  ot  the  European  Post  and  Telecommunications  (CEPT)  to 
Standardize  the  ISON. 
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STANDARDS  GROUPS 


ANSI 

American  National  Standards  institute 

Bellcore 

Belt  Communications  Research 

CCITT 

Consultative  Commlttoo  ol  International  Tolograph  and 
Telephone 

CEPT 

Conteronce  ol  Uie  European  Post  and  Tolegroph 

COS 

Corporation  lor  Open  Systems 

ECSA 

Exchange  Carriers  Standards  Association 

ElA 

Electronic  Industrios  Association 

ICST 

Instiluto  lor  Computer  Sciences  and  Technology 

IEC 

International  Electrontechnlcal  Commission 

IEEE 

Institute  lor  Electrical  and  Electronics  Enginoors 

ISO 

International  Standards  Organization 

ITU 

International  Telecommunications  Union 

NIST’ 

National  Institute  ol  Standards  and  Technology 

OSI 

Open  Systems  Interconnection 

PTT 

Postal,  Telegraph  and  Telephone 

*  Formerly  NBS  (National  Bureau  ol  Standards) 


In  tho  United  States,  the  T 1  Committee  ut  the  T otophone  Committee  ot 
tt*  Exchange  Carriers  Standards  Association  (ECSA)  Is  accredited  by 
the  American  National  Standards  Institute  (ANSI)  and  charged  with 
producing  standards  (or  service  providers  and  manufacturers.  Much  ol 
the  activity  ot  tt*  ECSA  T  l  Committee  Is  directed  towards  the  drafting 
of  ISON  standards.  Responsibilities  are  basically  segmented  Into 
subcommittees  and  working  groups.  Other  groups  concerned  wtth 
ISON  standards  are  fisted  In  Table  2, 

Overall,  the  ISON  Is  Intended  ns  a  unified.  Integrated  provider  ot 
transmission  related  services,  whereby,  tt*  user  can  obtain  a  variety 
ol  voice,  data  jnd  video  services  through  a  common  nocass  point,  with 
tt*  rate  structure  based  on  tt*  type  and  volume  ol  service  required. 
Tl*  applications  and  subsequent  services  available  will  primart  y  bo 
determined  by  tt*  imagination  ol  u*  provider  and  tl*  demands  ut  tt* 
subscriber.  Technology  wfit  bo  driven  by  an  escalation  In  advanced 
applications  (or  tt*  ISON. 


HI.  EVALUATION 

As  previously  stated,  the  basis  lor  lists  paper  Is  tt*  ANSI  standard 
Tl.COl-1988.  Tl*  ANSI  document  was  dratted  to  provide  the  minimal 
set  of  requirements  to  enable  satisfactory  transmission  between  tt* 
network  and  the  NT,  white  conforming  to  the  International  CCITT 
recommendations  governing  tho  ISON.  Furthermore.  In  on  otfort  to 
lacitila'e  an  economical,  uninterrupted  transition  to  a  high  quality  ISON 
BRI,  ANSI  T1.60M  988  recognizes  that  It*  existing  subscriber  loop 
wfll  be  utilized  os  tt*  DSL  with  minimal  modification.  The  standard 
presents  tt*  electrical  characteristics  ol  tt*  ISDN  BRI,  at  tt*  network 
side  ol  Iho  NT.  As  a  Layer  1  or  Physical  Layer  (Open  Systems 
Interconnection  (OSI)  model)  specification,  the  standard  describes  tho 
physical  Inleriace  between  the  network  and  tl*  NT.  Tl*  requirements 
ot  ANSI  YI.GOt-191-  cpply  to  a  single  DSL  consisting  ol  an  LT.  a  two 
wire  twisted  motnlfic  cable  pair  and  on  NT,  designed  to  oporato  In  a  lull 
duplex  mode. 

ANSI  TI.GOt-1988  nddrosses  non-loadcd  loops,  composed  ol  mixed 
gauges  and  bridgo  taps,  possessing  n  maximum  length  ol  '8  kit.  Tt* 
resistance  of  tt*  loops  Is  specified  as  a  maximum  of  1300  oltms  (or 
42  dB  attenuation  ot  40  kHz).  Noto  that  tt*  effective  BRI  baud  rote  of 
160  Kbps  Is  compressod  to  80  Kbps  through  tl*  2BtQ  encoding  with 
a  power  spectrum  eontored  at  40  kHz.  Generally,  tt*  standard  addres¬ 
ses  tl*  oloctrica!  characteristics  ol  tt*  oqufpmont  rattier  than  tt*  cable 
which  terminates  ot  tt*  NT.  Tl*  olectrical  characteristics  lor  llw 
motnlOc  DSL  are  tabulated  In  tho  form  of  tl*  primary  olectrical 
parameters:  resistance,  Inductance,  conductance  and  capacitance,  lor 
Pulp  and  PIC  (Air  Core)  cables.  Fifteen  loop  configurations  are  listed, 
in  tho  standard,  ranging  from  a  simp*  1 2  kft.  loop  exclusively  composod 
ul  26  AWG  wire  without  bridge  lops,  lo  complex  loops  with  muttlplo 
bridgo  laps  and  gaugo  combinations. 


For  our  study,  three  configurations  were  selected.  Loop  #4  from  the 
standard  was  selected  for  Its  simplicity;  Loop  #3,  for  Its  complexity;  and 
Loop  #2,  ns  an  Intermediate  loop.  Refer  to  Figure  3  for  the  configura¬ 
tions  for  Loops  HA,  #3  and  #2.  As  shown  In  tho  diagrams,  all  three  loops 
selected  for  our  study  are  no  greater  than  18  kit  In  length  and  Incor¬ 
porate  various  gauges.  Additionally.  Loop  #4  Is  a  straight  loop.  Loop 
#2  possesses  ono  bridge  lap,  and  Loop  #3  Is  composod  of  a  notwork 
of  Interconnected  bridge  taps.  Although  tho  NT  and  LT  wore  tormlnatod 
Into  135  ohms,  tho  bridgo  taps  wore  loft  untermlnatod,  or  open,  as  Is 
the  practice  In  tho  field.  Tho  specific  cables  selected  (or  the  evaluation 
were  random  samples  ol  25  pair  air  core  PIC  cables  with  an  aluminum 
shield  (Air  Coro  Alpeth  Sheath  PIC  Cable).  Tho  cables  were  Intercon¬ 
nected  using  modular  splices  (3M.  400S,  MS2,  Super  Mate  Plugable 
Modular  Splice).  Refer  to  Appendix  A  lor  a  list  ot  the  test  equipment 
employed  (or  ihe  testing. 


International  Wire  &  Cable  Symposium  Proceedings  1989  261 


Although  ANSI  Tl, 601*1988  addresses  many  parameters  ol  conso- 
qu«nc«  to  the  ISDN,  the  standard  Is  not  ubiquitous.  Several  published 
studies  have  uncovered  additional  parameters  which  could  impact  the 
ISON,  A  comprehensive  study  Issued  by  BeHcore'1*  cownents  on 
additional  Issues  which  could  Impact  the  ISDN.  Another  Deiicoro 
Tochnlcal  Rotefeocrr1  parallels  ANSIT1. 601-1 988  In  many  respects, 
but  provides  further  Insight  concerning  the  ele (ideal  performance  ol  tho 
DSL 


IV.  RESULTS 


A-  EnmeoLEwimeteit 

Primary  electrical  parameters  lor  26, 24  aod  22  AWQ  Pulp  and  PIC  (Air 
Core)  cables  are  labulaled  In  ANSI  Tt.601-1988  at  0. 70  and  i2o*F. 
These  tabulated  data  were  used  as  a  basis  lor  the  theoretical  analysis 
and  network  modeling  In  this  paper.  Two  ol  the  tabulated  primary 
pnrnm*{Of$,  cc  r esbtnnce  and  mutual  capadlnnco  wtrt  measured  for 
5  5 10  f*ovW*  a  basis  for  tb«  subsequent  cbarac- 

? tWs  P^PW'  Furthermore,  values  lor  dc  resistance 
and  mutualcapadtnnco  were  calculated  (or  Loop  w  using  the  tabulated 
primary  electrical  parameters  |o  portray  correlation  between  calculated 

d?w'  Th0  (™>asu,ed  and  calculalod  data  ore  sum* 
marfzed  In  Table  3, 


>(Vt) 

tooncoNnouMhoN 


IASLL3 

EB1MARY  PARAMETERS 


Loop* 

Loop 

Length 

(H.) 

Comments 

§232S3jBI 

Maas. 

IE23 

Maas. 

17,000 

LT-NT 

m 

1170 

267 

270 

2 

16,500 

LT-NT 

1270 

.. 

284 

18,000 

LT-Bridge  Tap 

- 

1350 

- 

284 

3 

16,000 

LT-NT 

“ 

t050 

- 

312 

SubsequonHy.  this  paper  wilt  primarily  follow  ANSI  Tt. 60 1-1988  with 
mutual  consideration  cl  tho  reterencod  BoHcoro  documents  to  deal  with 
tho  multitude  ot  transmission  parameters  ol  significance  to  tho  quality 
ol  a  metallic  DSL  lor  llto  ISDN  BRI.  In  somo  Instances,  Hie  liberty  has 
been  taken  to  address  Hie  testing  ol  motalllc  cobles  In  accordance  who 
lest  recommendations  specifically  Intended  lor  transmission  equip¬ 
ment.  Subsequently,  this  paper  will  Investigate  primary  electrical 
parameters,  attenuation,  complex  impedance,  crosstalk  and  pulse 
response  as  a  (unction  of  various  loop  configurations  accounting  lor 
mixed  gauges,  bridge  taps  and  loop  lengths.  Impulse  noise,  an  Impor¬ 
tant  parameter  which  Is  discussed  In  Hie  1 983  Bellcore  Subscriber  Loop 
Survey,  has  been  omitted  Irom  this  paper  as  H  Is  a  phenomenon  which 
Is  best  tested  In  Held  trials  rather  than  In  the  laboraloiy.  Bit  error  rale 
lesUng  Is  also  not  considered  as  H  Is  a  system  tost  rather  than  a  cable 
performance  parameter,  which  is  also  best  addressed  In  the  Held. 


Although  capacitance  Is  typically  measured  al  a  frequency  of  1  kHz,  for 
our  evaluation,  tho  measurement  frequency  was  selected  as  100  Hz. 
GoneraHy,  to  avoid  corrections  associated  whh  propagation  velocity, 
capacitance  1$  measured  on  relatively  short  coble  samples  such  that 
the  cablo  sample  length  corresponds  lo  a  length  which  Is  less  than  1/40 
of  (he  measurement  frequency  {1  kHz)  wavelength.  Due  lo  the  exces¬ 
sive  length  of  the  tested  loops,  a  lower  frequency  (100  Hz)  was 
s<  -ctod.  Since  capacitance  (or  PIC  cable  Is  constant  with  frequency 
between  100  and  1000  Hz,  this  technique  Is  valid.  Also,  note  that  oil 
primary  parameter  data  are  referenced  from  the  LT. 


The  data  for  Loop  #4  show  excellent  agreement  between  calculated 
and  measured  values.  Such  correlation  reveals  the  usefulness  ol  Hie 
labulaled  primary  parameters  os  an  aid  (o  predicting  Hie  electrical 
characteristics  ol  a  melalllc  DSL  However,  tabulated  data  do  not 
predude  Hie  need  for  laboratory  and  field  testing.  Loop  testing  Is 
necessary  since  several  factors  must  be  considered  when  making 
conduslons  about  the  expected  performance  ol  a  loop.  Furthermore, 
the  resistance  values  for  each  loop  conform  cfosely  to  maximum  value 
ol  1300  ohms  speckled  In  ANSI  Tl. 601 -1988. 


(2)  Characterization  ol  Subscriber  Loops  tor  Voice  and  ISDN  Services 
(1 983  Subscriber  Loop  Survey),  ST-TSY-00004 1 ,  Juno  1 987 

(3)  ISDN  Basic  Access  Digital  Subscriber  Unas,  TR-TSY-000391, 
Issue  1,May  1988. 


B.  Ineertlon  Lon 

For  our  discussion,  attenuation  will  be  considered  equivalent  lo  Inser¬ 
tion  loss  when  Hie  termination  Impedance  Is  perfectly  matched  lo  the 
loop  Impedance  at  both  ends  of  Hie  loop.  Since  Impedance  varies  with 
frequency,  Insertion  loss  rather  than  attenuation  Is  applicable  lor  our 
discussion. 
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Using  the  primary  parameters  in  ANSI  T 1.60 1-1 988,  Iho  attenuation 
was  calculated  lor  the  cables  m  Loops  *4  and  HZ.  The  Insertion  loss 
was  next  calculated  as  lolows; 

M  =  Lr  +  A  (1) 

Li  ■  Insertion  Loss 
Ln  ■  Reflection  Loss 
A  ■  Attenuation 

where 


Zo  +  Zt  - 

Lr  s  20  Log  —  . Z  +20  log  Cosi  Oo  (2) 

2  Zo  +  Zt  \J  Cos  Ot 


Zo|0«  -  CharacterisBc  complex  Impedance  ol  transmission  Hne 

Zi|jH  ■  Characteristic  complex  impedance  ol  lomtlnnilon  (or  tor- 
—  mlnailog  transmission  lino). 


Tablo  4  presents  the  calculator!  insertion  loss  lor  Loops  HA  and  #2  along 
with  the  measured  data  lor  all  threo  loop  configurations.  Calculations 
oro  provided  at  40  kHz  only.  For  comparison  with  existing  Industry  datn, 
ntoasured  Insertion  loss  Is  provided  at  <<0. 80.  ICO  and  772  Mir  For 
Loop  #2.  measurements  and  calculations  (torn  tiro  NT  and  the  LT  aro 
offered  to  display  tire  nogflglWo  variance  In  Insertion  loss  when  refer¬ 
enced  from  cither  end  ol  the  loop.  Aldtough  not  sltown.  sod)  minor 
dltlorences  also  apply  lor  Loops  HA  and  #3.  Tito  measured  data  aro 
also  presented  graphically  In  Figures  4, 5.  and  6  lor  Loops  HA,  HZ  and 
#3.  respectively.  Noto  that  lire  Insertion  loss  at  volco  and  low  carrier 
frequencies  diverges  greatly  from  the  attenuation  duo  to  the  mismatch 
between  the  high  cable  Impedance  and  llte  135  otwn  test  terminations 
at  tho  NT  and  LT.  As  noted  In  Figures  5  and  6.  the  bridge  taps  possess 
a  resonant  region  nfloet  d  by  bridge  top  location  and  length,  which 
creates  a  frequency  selective  high  Insertion  loss  region. 

Tito  Insertion  loss  values  obtained  at  40  kHz  lor  oach  loop  conform 
closely  to  llte  maximum  value  ol  42  dB  specified  In  ANSI  T 1 .60 1  *  1 988. 
In  general,  excellent  correlation  Is  existed  between  the  nteasured  and 
calculated  data.  Calculations  and  measurement?  were  performed  lor 
Loop  #2  without  and  with  llte  bridge  lap.  As  demonstrated  by  ttte 
excellent  correlation  between  ttte  calculated  and  moasured  data,  equa¬ 
tions  (I)  and  (2)  comprise  a  suitable  model  lor  determining  the  oiloct 
ol  a  bridge  tap  on  Insertion  loss.  Whit  Bio  aid  ol  n  computer.  Bio 
Insertion  loss  ol  complex  networks  vriBi  multiple  gouge  changes  on-' 
brldgo  taps  con  be  calculated  using  this  model. 


TABLE  4 
INSERTION  LOSS 


Loop 

No. 

Loop 

LongUt 

(Ft.) 

Com¬ 

ments 

Cnlcu. 

(dB) 

@40 

kHz 

@40 

kHz 

MBASUf 

@80 

kHz 

160  (dB 

@160" 

kHz 

" 

@772 

kHz 

4 

17,000 

NT-LT 

39.7 

39.7 

46.8 

55.0 

105 

2 

16,500 

LT-NT 

w/o 

BT 

41.0 

42.4 

50.1 

58.3 

109 

LT-NT 

43.8 

44.6 

57.0 

61.9 

115 

NT-LT 

43,8 

44.3 

50.5 

61.2 

115 

3 

16,000 

NT-LT 

— 

42.3 

49.3 

66.6 

107 

BT;  Bridge  Top 
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c,  Impedance 

The  nominal  Impedance  M  th*  U  interface  locidrtg  toward  tire  NT  b 
specified  In  ANSIT1.601-19#8  as  135 chm*.  In  the  standard,  tirbvafc* 
corresponds  tpec*ea»y  to  tite  impedance  of  the  Wert  ace;  however^ 

metafile  OSL.  fVtf'*n  lots  1*  also  specified  In  the  ANSI  standard; 
however,  since  ft'  •«  Is  dtrectty  related  to  Impedance,  complex 
Impedance  Is  so**fr<wcu5s*d  herein. 


Using  the  tables  of  primary  parameters  In  ANSI  H.OOM9M.  the 
eompfes  Impedance  of  e»ch  cable  was  calculated.  The  Impedances 
referenced  Irom  the  NT  lor  loop*  M  and  *2  were,  subsequent 
cafcolawd  using  the  Mowing  equation: 


Z|[ftc2o|6a 


Zo  |  Oo  k!nh  yL  +  Zj  |0t  cosh  yL 
Z©  jsocosh  yC  +  Zt  |0t  slnh  yL 


(3) 


Zi  j  Oi  «  Complex  Inpot  Impedance 

Z*jO«  »  Complex  characteristic  Impedance  ot  transmission  fine 

Z,  j  hi  »  Complox  impedance  o<  tcrmkia'Joo  or  w-mlnaiing  transits- 

■“  sKmKne 

l  m  Length  ot  trjwsmissten  Got  (mSos)  corresponding  toZojdo 


where 


Y  =  a  +J  (1  (*•) 

=  l(R  +  jwl)  (G  +  jwc)~  (4b) 


a  «  Atienuatlon  (nepers  per  m8©  »  dO  per  mao  *  8.C8Gj 

p  -  Phase  shut  (radians  per  mile) 

and 

slnh  ( ct+  J  p )  =  slnh  a  cos  p  +  J  cosh  a  sin  p  (5) 
cosh  ( a+  J  p )  =  cosh  a  cos  p  + )  slnh  a  sin  p  (6) 


Table  5  fats  tire  calculated  values  for  loops  *4  and  *2.  m  addition, 
measured  vetoes  oi  Impedance  tor  all  three  loops  are  provided.  The 
complex  Impedances  were  measured  using  tire  4  terminal  method  with 
un  m*>  balancing  bridge  and  the  pair  terminated  at  tire  lor  end,  The 
magnitude  and  phase  cl  tire  Impedance  (or  Loops  #4.  *2  and  #3  are 
graphically  portrayed  In  Figures  7, 8  and  9.  respectively.  All  Impedan¬ 
ces  are  referenced  to  the  NT;  however,  (or  Loop  #4.  the  Impedances 
referenced  to  tire  NT  and  LT  were  simitar. 

The  Impedances  were  measured  In  complex  term  In  terms  of  a  mag¬ 
nitude  and  angio.  The  resistive  (nra!)  and  reactive  (Imaginary)  ports  ol 
the  impedances  were  crticutefad  lor  40  kHz  and  Included  In  Table  5 
using  the  lot  lowing  relationship: 

z[0  =  Z  cos  0  4  J  Z  sin  0  (7) 

Real  «Z  cos  0 
Imaginary  «Zsin  0 

This  relationslrlp  Is  notod  because  ot  a  reference  In  ANSI  T.COI-1388 
regarding  tire  NT  possessing  a  terminating  Impedance  of  13S  ohms 
resistive. 

Equation  (3)  provides  a  model  fordetennlnkrg  the  ettects  of  a  bridged 
top  upon  the  krop  Impedance.  Theoretically,  gauge  variations  should 
effect  tire  Impedance;  however.  In  practice,  tire  effect  Is  negligible  when 
long  lengths  of  cables  are  concatenated.  Conversely,  concatenated 
short  lengths  ol  cable  ol  various  gauges  will  Itave  a  i toted  effect  on 
Impedance.  This  relationship  can  bo  observed  through  equation  (3). 
As  the  length  of  Hie  cable  (L)  Increases,  tire  hyperbolic  portion  of  the 
equation  lends  toward  unity;  therefore,  the  Input  Impedance  (Zi)  ap¬ 
proaches  the  cable  impedance  (Zo).  Out  to  tire  presence  of  bridge  taps 
In  Loops  #2  and  03.  tire  Impedance  at  the  NT  Is  affected  significantly. 
For  example,  tire  single  bridge  tap  In  Loop  #2  created  a  parallel  circuit 
ot  relatively  equal  Impedance  wltlch  effectively  cuts  the  Input  Im¬ 
pedance  ot  tire  NT  In  half.  The  Intricate  combination  of  parallel  bridge 
taps  In  Loop  03  further  reduces  tire  Input  Impedance  at  tire  NT. 
Although  not  shown,  lire  Impedances  of  Loops  02  and  03  wore 
measured  from  tire  LT.  Because  tire  bridge  taps  are  located  a  sig¬ 
nificant  rfistarsce  from  the  LT,  tiro  effect  of  the  bridge  laps  on  tire  Input 
Impedance  at  the  LT  Is  negligible,  as  previously  explained  lor  con¬ 
catenated  cables.  Consequently,  tire  Impedances  ol  Loops  02  and  03 
referenced  from  tiro  LT  resemble  the  Impedance  ol  Loop  04  which  does 
not  possess  bridge  taps.  Loops  02  and  03  exhibit  a  region  above 
approximately  too  kHz,  whereby  tho  magnitude  of  tiro  Impedance 
assumes  an  osdHatory  pattern. 


This  phenomenon  Is  the  result  ol  cable  resonance  and  Is  a  (unction  ol 
tho  location  and  lettgth  of  Inlerconnected  bridgo  laps.  In  effect,  tho 
bridge  taps  perform  Uko  tuned  stubs.  Tho  excellent  correlation  between 
measured  and  calculated  values  of  complex  Impedance  verify  tire 
validity  of  equation  (3)  when  applied  to  ISON  loops  to  determine  the 
effect  a  bridgo  tap  has  on  Impedance.  Using  equation  (3),  complox 
loops  can  also  be  modeled  with  the  aid  ol  a  computer.  As  evldencod 
by  the  data.  Impedance  Is  significantly  affected  by  the  loop  configura¬ 
tion.  Since  Impedance  Is  a  parameter  ol  concern  to  digital  networks, 
lire  ISON  will  require  appropriate  compensation  at  various  termination 
points  to  insure  compatibility. 
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TABLE  5 


“CjflcuTa(e3'^ 


Comments 


2 

16,500 

3 

16.000 

@40  kHz 

1541-30.5 
(Re  - 133) 


155  |»30.6 
(Re -133) 


78.0  1-48,2 
(Re  -  52.0) 


39.8  1-28.4 
(Re -35.0) 


Impedance 
Magnitude  |_  Phase 
(ohms  [degrees) 
’Measured 


@  160  kHz 


125  1-21.7  112  1-13,2 


37.3  1-35.0  66.3  [12^ 


47.9  1 17.6  68.2  [-29.1 


@772  kHz 
1°3  I '4-55 


103  |-4.64 


49.8  [18.1 


65.6  |169_ 


International  Wire  &  Cable  Symposium  Proceedings  1989  267 


D.  CtfiiaUlk 

The  crosstalk  was  measured  nj  power  sum  n ear  end  crosstalk  (PS* 
NEXT).  Figures  9, 10 and  1 1  exhlbltth*  measured  values  of PS-NEXT 
foe  Loops  #4,  #3  and  S2,  respectively  measured  from  both  the  NT  nod 
LT.  Not*  that  th#  values  are  based  on  !h*  power  sum  for  25  pair  cable. 
A  measured  and  a  corrected  cwv*  foe  crosstalk  at  th*  NT  Is  provkf*d 
for  Loops  *2  and  #3.  This  correction  Is  required  du*  to  on  Impedance 
mismatch  between  th*  cabl*  and  th*  t*st  equipment  If  th*  cable 
Impedance  is  approximately  equivalent  to  th*  tot  *quipm*nt  t*rmlnat- 
log  Impedanc*.  th*  correction  Is  not  ntcessary,  as  is  th*  ccs*  for  Loop 
*4  and  an  loops  m*asur*d  from  th*  LT.  Howtver.  th*  pr*s*nc*  of 
bridg*  taps  r«sutts  In  a  significant  d*crsas*  In  th*  knp*danc«  at  th*  NT. 
Consequently,  an  trror  Is  created  due  to  the  associated  mismatch 
between  the  cable,  and  th*  generator  and  detector.  Hence,  a  corrected 
curve  Is  provided  for  th*  NT  PS*FEXT  measurements  for  Loops  *2  and 


POWER  SUM-NEAR 


In  Del  (core  TR-TSY-000393,  a  graph  Is  provided  as  Figure  4-1  which 
modds  th*  1%  NEXT  for  18  Mt  o(22  AWQ  PIC  cabf*.  The  model  Is  a 
worst  case  scenario  which  Is  vaM  under  several  conservative  condi¬ 
tions.  Th*  1  %  point  on  the  distribution  of  NEXT  from  49  common  binder 
group  disturbers  is  plotted  from  100  Hi  to  1  MHx.  By  Interpolating  th* 
1%  NEXT  for  24  common  binder  group  disturbers  from  the  Bellcore 
graph,  w*  were  able  to  compare  our  measured  NEXT  values  for  25  pair 
cables  to  th*  Bellcore  values  for  50  pair  cables.  Thodatri  Is  presented 
In  Table  6.  Note  that  the  tested  loops  dW  not  conform  wfth  the 
conservative  conditions  addressed  In  the  BeRcor*  Technical  Refer¬ 
ence;  however,  the  information  Is  a  useful  relative  Indicator. 

Our  evaluation  shows  that  the  PS-NEXT  Is  relatively  linear  and  predict¬ 
able  at  a  loop  interface  which  Is  not  complicated  by  bridge  taps.  This 
relationship  Is  exhibited  by  the  agreement  between  th*  curves  for  Loop 
*4,  and  Loops  *2  and  #3  from  the  LT.  Th*  presence  of  bridge  taps 
causes  variations  In  th#  PS-NEXT  characteristics,  ns  portrayed  by  the 
curves  for  Loops  *2  and  #3  from  the  NT.  Nonetheless,  Table  6  shows 
thaL  although  the  loops  tested  do  not  conform  whh  the  conservative 
conditions  stipulated  In  Bellcore  TR-TSY-000393.  tlm  1  %  NEXT  values 
are  wkWn  tit*  speckled  values. 
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*****  POWERSUM  NEAR-END  CROSSTALK  <DB>  ***** 


E.  Eutaft-BMPfiQM 

ANSI  Tl  .601*1988  specifies  a  mask  lor  the  shape  ol  tho  201 Q  pulses 
originating  al  Hie  NT.  For  standard  metallic  cobles  Intended  lor  PCM 
telecommunications,  n  pulse  template  Is  otten  spedtled  at  n  pertinent 
transmission  rale.  typtatily  Tl  (1.54-1  Mbps).  Ttie  pulse  template  Is  a 
mask  which  defines  die  pulso  shape  and  tolerances  In  tonus  ol 
amplitude,  duration,  rise  and  lad  times,  over  and  under  shoot  and  other 
related  parameters. 

We.  therefore,  characterized  the  pulse  template  m  .-'ccordance  with  the 
mask  supplied  In  the  ANSI  standard.  However,  since  ISON  is  a  neoteric 
technology,  a  pulse  simulator  was  not  commercWV  available.  We. 
consequendy.  generated  a  similar  pulse  using  equipment  currently 
available.  Corresponding  to  the  2010  fine  rate  o!  80  Kbps,  the  pulse 
duration  (t0-90ti)  was  selected  ns  12.5  p  sec. 


Figure  13  portrays  the  generated  pulse.  Tho  resultant  received  pulses 
are  shown  for  Loops  #4.  #2.  and  *3  In  Flguros  14. 15  and  16.  respec¬ 
tively.  Note  di«(  ml  amplitudes  are  normalized  to  unity.  For  Loop  IM, 
the  received  pulse  at  the  NT  is  shown  tor  the  minimum  and  maximum 
Insordon  loss  (ILJ.  Hie  received  pulses  ut  the  NT  and  the  LT  are 
portrayed  tor  Loops  #2  and  #3. 

Corresponding  to  loop  insertion  loss,  tbs  received  pulses  are  sig- 
nificandy  ottenualej.  Due  lo  tlxo  phase  characteristics  ol  the  three 
loops  tested,  the  received  pulses  exhibit  dispersion.  For  Loops  »4  and 
#2,  die  dispersion  results  m  a  puts#  broadened  to  between  85  and  90 
|i  sec  from  the  lomal  12.5  |i  tec,  pulse.  Loop  *3  displays  n  disparity 
between  the  pulses  received  at  the  NT  and  the  LT.  Ttie  pulse  duration 
at  die  LT  Is  approximately  65  |t  sec.,  compared  to  90  p  sec  at  the  NT. 
The  Loop  #3  NT  results  contorm  with  Loops  (M  and  #2;  however,  die 
LT  results  are  evidently  a  consequence  ot  the  multitude  ot  bridge  taps 
in  die  loop. 
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V.  CONCLUSION 

Tha  premise  ol  this  paper  was  to  Investigate  outside  plant  metallic 
cables  as  the  DSL  In  the  ISDN  BRI.  The  ANSI  standard,  T1.60I  1938 
served  as  the  Infrastructure  for  our  study.  Three  loops  wore  explored 
embracing  simple.  Intermediate  and  complex  configurations  comprised 
of  various  loop  lengths,  mixed  gauges  and  bridge  taps.  Using  primary 
parameters  tabulated  In  the  ANSI  standard,  a  theoretical  analysis 
paralleled  test  data. 

The  testing  Included  primary  parameters,  Insertion  loss,  complex  Im¬ 
pedance,  crosstalk  (PS-NEXT)  and  pulse  response.  Calculated  values 
for  dc  resistance,  capacitance,  Insertion  loss  and  Impedance  exhibited 
excellent  correlation  to  the  measured  data.  In  auJtlon,  models  wero 
developed,  whereby  the  effects  of  bridge  taps  could  be  determined  lor 
Insertion  loss  and  Impedance. 

This  paper  Is  an  Initial  step  toward  defining  the  metallic  DSL  for  the 
ISDN  BRI.  A  subsequent  evaluation  concerning  the  ISDN  PRI  may 
also  be  warranted.  As  three  representative  loops  were  investigated,  a 


study  ol  til  fifteen  loops  designated  In  ANSI  T1 .601  •  1 988  may  provide 
additional  Insight.  Moroovor,  field  evaluations  may  uncover  further 
valuablo  Information  not  discovered  In  our  laboratory  study.  Ttie  at¬ 
tenuation  and  complox  impedance  models  can  sorvo  os  beneficial  tools 
lor  equipment  and  notwork  designers  developing  the  ISDN.  Further¬ 
more,  the  data  supply  a  body  of  knowledge  which  can  be  consulted  for 
tha  Implementation  of  the  ISDN.  Overall  the  calculations  and  data 
provide  Insight  Into  a  metallic  DSL  for  the  ISDN  BRI.  However,  further 
analysis  Is  required,  especially  concerning  Impulse  noise  and  possibly 
bit  error  rate  which  were  not  Included  In  this  paper.  Moteovor,  the  data 
reveals  that  complox  impedance  and  pulse  response  necessitate  fur¬ 
ther  review  as  they  are  significantly  affected  by  the  loop  configuration 
and  will,  therefore,  Impact  the  ISDN. 
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ABSTRACT 

About  2,800  ILnes  out  of  a  total  of 
8,800,000  ones  in  the  whole  Taiwan  area 
have  been  sampled  and  characterized. 
Various  kinds  of  physical  compositions  and 
transmission  characteristics  are  investi¬ 
gated  and  measured  respectively.  Based  on 
these  statistics,  the  loop  transmission 
capability  on  ECM  and  TCM  schemes  is 
evaluated.  After  studying  the  loop 
characteristics,  some  follow-up  actions 
that  may  make  the  2B*D  transmission 
environment  better  are  proposed.  In  this 
paper,  wo  also  present  several  Important 
loop  characteristics  and  give  some  general 
comments  at  the  end. 


1.  INTRODUCTION 

DGT  (Directorate  General  of  Telecom¬ 
munications,  ROC)  has  sot  ISDN  ns  the 
ultimate  goal  for  the  instruction  of 
telecommunication  network  at  the  ond  of 
20th  century.  As  a  2B+D  transmission 
medium,  the  subscriber  loop  plant  imposes 
severe  noise  constraints.  Bridged  taps 
(BTs),  capacitance  unbalance,  mixture  of 
underground,  aerial  and  customer  premises 
cables  and  multiplicity  of  gauge  pairs  and 
counts  also  contribute  to  inevitable 
transmission  impairments. 

To  evaluate  whether  the  existing 
subscriber  lines  have  2D+D  bi-directional 
transmission  capability  over  a  satisfacto¬ 
ry  range.  A  loop  survey  odel  was  first 
established  in  Chung-Li  in  1986  by  TL 
(Telecommunication  Laboratories),  on  RSD 
organization  of  DGT.  Then  the  model  was 
applied  to  the  whole  Taiwan  in  1986-1988 
by  DGT's  three  district  operating 
companies,  i.e.,  NTTA  (Northern  Taiwan 
Telecommunication  Administration)..  CTTA 
(Central  Taiwan  Telecommunication 
Administration),  and  STTA  (Southern  Taiwan 
Telecommunication  Administration). 


There  are  around  8,600,000  subscriber 
lines  in  the  whole  Taiwan.  By  using  a 
double-stratif iod,  two-stage  random 
sampling  method,  2,AQ5  linos  were  sampled. 
Than  the  physical  compositions  were 
investigated  and  the  transmission 
characteristics  were  measured. 

Wo  built  a  database  with  about 
800,000  records  of  source  data  from  these 
2,805  lines  and  developed  an  interactive, 
user-friendly  software  package  to  perform 
the  loop  statistics,  '.he  loop  statistics 
contains  two  parts:  (i)  physical 
compositions,  including  percentage  of 
loading  cable,  working  length,  bridged  tap 
configurations,  etc.,  and  (2)  transmission 
characteristics,  including  loop  resistan¬ 
ce,  insulation  resistance,  line  loss, 
return  loss,  line  unbalance,  induced 
noise,  NEXT  (Near-End  Crosstalk),  FEXT 
(Far-End  Crosstalk),  impulse  noise,  etc. 
All  these  statistics  can  be  illustrated  in 
graphical  and  tabular  forms,  and  some  of 
them  will  be  presented  lator  in  this 
paper. 

Based  on  those  statistics,  the  loop 
transmission  capability  in  terms  of 
various  parameters  such  as  line  loss,  loop 
resistance,  crosstalk,  etc.,  arc 
calculated.  The  calculation  results  for 
ECM  and  TCM  transmission  schemes  are 
compared.  After  loop  survey,  a  loop  test 
laboratory  is  built,  and  some  follow-up 
actions  are  proposed. 

The  sampling  plan  is  briefly 
described  in  section  II,  and  the  physical 
characteristics  of  the  loop  are  presented 
in  section  III.  Soction  IV  shows  the 
transmission  characteristics  of  this 
survey.  2B+D  transmission  capability 
evaluation  is  reported  in  section  V.  Some 
follow-up  proposals  for  better  2B+D 
transmission  environment  are  given  in 
soction  VI  and  finally  some  concluding 
comments  will  be  given. 


2.  SAMPLING  PLAN 
Considering  : 

-  Timesaving,  economic  and  accurate. 

-  Geographical  characteristics,  i.e., 
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metropolitan,  suburban  ansi  rural 

areas. 

-  Administration  territories,  *.e., 

three  district  operating  companies  in 

Taiwan. 

Several  sampling  methods  had  been 
carefully  studied  (i),  and  a  double- 
stratified  two-stage  random  sampling 
scheme  was  finally  chosen.  By  using  the 
data  from  Cbung-Li  loop  survey  (21  and 
from  reference  PJ,  we  obtained  the  total 
number  of  sample  tines  for  loop  survey  in 
the  whole  Taiwan.  The  number  was  2,805. 

Under  DOT,  there  are  three  district 
operating  companies  in  Taiwan.  From  the 
viewpoint  of  administration,  we  need  three 
separate  loop  statistics  for  each  of  three 
administrations,  this  is  the  first  stratum 

Metropolitan,  suburban  and  rural 
areas  may  differ  from  one  another  very 
much  in  loop  distribution  and  henco  their 
characteristics  may  be  different  greatly 
too.  From  the  deployment  strategy  point 
of  view,  we  decided  to  have  the  loop  sta¬ 
tistics  for  thesQ  three  different 
categories  of  geography,  this  Is  the 
second  stratum. 

Thorc  are  3S  central  offices  (COs) 
and  2,594,900  subscriber  linos  in 
metropolitan  Taipei  area,  43  COs  and 
991,200  lines  in  suburban  areas,  70  COs 
and  288,200  lines  in  rural  areas,  as  shown 
in  Table  1. 

In  the  1st  stage  of  random  sampling, 
we  sampled  the  control  offices  from  all 
COs  in  each  geographical  category  with  the 
probability  proportional  to  the  lino 
population  of  each  central  office.  For 
example,  there  are  35  COs  in  metropolitan 
Taipei  area,  20  ones  out  of  35  were 
sampled  (11. 

The  total  number  of  saraplo  linos  in 
each  geographical  area  are  proportional  to 
Its  population  sixe,  for  example,  from 
Table  1 ,  wo  got  860  sample  linos  out  of 
2,805  for  metropolitan  Taipei  area  as 
shown  in  Table  2. 

In  the  2nd  stage,  the  some  number  of 
subscriber  lines  are  randomly  sampled  from 
each  selected  COs,  thus,  in  metropolitan 
Taipei  area,  43  lines  wore  randomly 
selected  from  each  of  20  COr,  os  shown  in 
Table  2. 

Similarly,  we  obtainoa  the  sample  COs 
and  lines  in  CTTA  and  STTA.  The  total 
sample  central  offices  in  whole  Taiwan  are 
198.  All  the  sample  lines  were  picked  up 
from  all  the  existing  line  population. 

One  of  the  most  important  features  of 
double-stratified  two-stage  random 


sampling  method  is  that  we  can  straightfo¬ 
rwardly  obtain  various  kinds  of  loop 
statistics,  such  as  statistics  for  overall 
Taiwan,  for  NTTA  only,  for  overall  rural 
areas,  even  for  metropolitan  Taipei  area 
only.  In  this  paper,  due  to  the  space 
limitation,  only  some  statistics  are 
presented. 


3.  pHYSICAt.CtlAHACTKKISTtCS 

Physical  characteristics  investigated 
in  this  survey  include  number,  length  and 
position  of  bridged  taps  (BTsJ,  percentage 
of  loading  and  out-of-serviee,  working 
length,  wire  gauge,  type  of  splicing,  etc. 
Some  of  them  will  be  reported  in  this 
section. 

3.1  Loading 

Only  121  sample  pairs  out  of  2,805 
wore  found  loaded,  thic  is  equivalent  to 
4.3%. 

3.2  Morxing  Length 

Fig.1  shows  the  cumulative  distribu¬ 
tion  function  (COP}  for  working  length  of 
2,503  samplQ  linos  in  different  geographi¬ 
cal  areas.  The  estimated  overall  mean 
working  length  from  tho  central  office  to 
the  subscriber  end  is  1,8G5ra  with  90% 
probability  that  tho  true  mean  value  lie 
within  1,8G5m*/-90m,  the  figure  also  shows 
that  about  97%  loops  of  overall  Taiwan 
have  tho  length  less  than  or  equal  to 
4.5Km. 

3.3  liridged  Tap  (UT) 

In  this  survey,  we  found  that  about 
65%  of  all  sample  subscriber  linos  were 
with  BTs.  Tho  othor  statistics  include 
the  number,  the  length  and  the  position  of 
BTs.  Tho  statistics  of  tap  number  of 
2,805  samplo  lines  are  shown  in  Table  3. 

It  is  notod  (3)  that  the  BT  with 
length  shorter  than  350m  causes  little 
forward  echo  lor  ECM  (Echo  Cancellation 
Method)  system  with  2B1Q  code.  Statistics 
indicate  that  in  the  whole  Taiwan  only  G9% 
of  BTs  are  with  lengths  less  than  350m. 
Reference  (4]  shows  that  BTs  will  causo 
very  little  backward  cchoos  when  their 
positions  are  away  from  the  signal  source 
more  than  250m.  Most  BTs  are  far  away 
(>250ra)  from  the  COs  or  subscriber  ends  as 
shown  in  Fig. 2.  It  shows  the  BTs  tend  ■*, 
be  more  concentrated  near  the  subscrxoer 
ends,  that  means,  much  severe  backward 
echoes  will  appear  in  the  subscriber  ends. 


4.  TRANSMISSION  CHARACTERISTICS 

Transmission  characteristics  measured 
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in  this  survey  include  DC/AC  voltage,  loop 
resistance,  line  loss,  return  loss, 
induced  noise,  NEXT,  TEXT,  line  unbalance, 
insulation  resistance,  impulse  noise,  etc. 
Host  of  them  will  be  presented  in  this 
section. 

4.1  Loop  Resistance 

The  statistics  of  loop  resistance  are 
shown  in  Fig.3.  The  overall  mean  loop 
resistance  is  489ohms  with  standard 
deviation  of  290ohma. 

4.2  Line  Loss 

Line  losses  at  various  frequencies 
were  measured  and  shown  in  Fig. 4.  Line 
losses  at  40KHa,  GOKIIz,  aOKItx  and  1  GOKIIz 
are  most  interesting.  Fig. 5  shows  the 
statistics  in  terms  of  different  geograp¬ 
hical  areas  at  SOKIIs  and  Fig. 6  gives  the 
overall  statistics  at  the  four  different 
frequencies. 

4.3  Induced  Noise 

As  far  as  Induced  noise  is  concerned, 
the  interference  from  AC  pow?r  is  most 
important,  this  is  because  «'.01Q  code 
consists  of  DC  and  low  frequency 
components.  Table  5  Illustrates  the 
percentage  that  our  loop  statistics  meet 
the  ANSI  (American  National  Standards 
Institute'/  requirements  (5]. 

4.4  Near-End  Crosstalk 

The  crosstalk  coupling  losses  are 
measured  by  pair  to  pair  method,  about  70% 
pair  combination  of  induced  and  inducing 
lines  are  within  the  same  quad  or  between 
the  adjacent  quads.  Frequency  characteri¬ 
stics  of  overall  NEXT  loss  ato  shown  in 
Fig. 7.  Tho  distribution  characteristics 
at  BOKHx  are  illustrated  in  Fig. 8.  Fig. 9 
giveu  tho  overall  statistics  at  four 
different  frequencies. 

4.5  Far-End  Crosstalk 

Similar  to  NEXT  loss  characteristics, 
Fig. 10  shows  tho  frequency  characteristics 
of  FEXT  loss ,  Fig. 11  illustrates  the 
overall  statistics  at  four  different 
frequencies.  Fig. 12  gives  tho  statistics 
at  80  KHz.  Fig. 7  and  Fig. 10  reveal  that 
the  standard  deviations  of  NEXT  and  FEXT 
losses  of  our  loops  are  rather  too  high. 
It  is  noted  that  100-pair  unit  structure 
star  quad  cable  is  used  in  Taiwan. 

4.6  Line  Unbalance 

Line  unbalance  and  insulation 
resistance  are  important  parameters,  since 
they  account  for  the  origins  of  noise. 
Fig. 13  shows  the  cumulative  distribution 


of  overall  statistics  for  line  unbalance 
at  four  different  frequencies. 

4.7  Insulation  Resistance 

Table  4  shows  the  statistics  of 
insulation  resistance  between  the  line  and 
earth  (Ll-E,  L2-EJ  as  well  as  line  1  and 
line  2  (L1-L2J. 


5.  PERFORMANCE  EVALUATION 

ECM  with  2J11Q  code,  ECM  with  MMS43 
code  and  TCM  with  AMI  code  are  the  most 
promising  techniques  to  be  implemented  in 
2D«D  NT1  (5)  (6)  (7).  In  this  section, 
the  performance  of  these  three  schemes  on 
our  loops  will  be  evaluated. 

Any  pair  in  a  cable  may  equally 
likely  be  chosen  as  a  2D*D  circuit  and 
will  be  subject  to  crosstalk  Interference 
from  its  neighbors.  Tho  performance 
evaluation  models  used  in  this  paper  are 
shown  in  Fig. 14. 

It  has  been  shown  that  bit  error 
ratio  ( OEM)  of  2.4x1 0" '  on  digital 
subscriber  loop  can  meet  the  error 
performance  recommended  by  CCITT  C.821. 
Therefore  it  is  reasonable  to  set  DEP  at 
10”'  for  2DtD  loop  transmission.  Table  6 
illustrates  the  parameters  required  for 
each  of  ECM  (2D1Q),  ECM  (MM43)  and  TCM 
(AMI)  transmission  methods,  including  tho 
required  signal  to  noise  ratio  (S/N)  at 
BER*1 0"  . 

In  addition  to  the  parameters  shown 
in  Table  6,  the  following  assumptions  are 
made  to  evaluate  the  transmission 
capability  : 

(1)  Equal  probability  of  "1"  and  "0" 
before  line  coder,  thus  equal 
probability  of  every  voltage  level 
in  2D1Q  and  MMS43  system  will  be 
achiovcd. 

(2)  By  using  tho  pair-to-pair  crosstalk 
loss  statistics  in  section  4.4  and 
4.5,  total  crosstalk  loss  from 
nearby  multiple  interfering  sourcos 
into  the  interfered  pair,  so  called 
multiple  crosstalk.  Is  approximated 
by  Gamma  distribution  model  (8). 

(3)  99%  of  tho  active  2B+D  lines  will  be 
with  tho  performance  equal  or  butter 
than  BER«10”7. 

(4)  Raised-cosine  channel  shaping  vifch 
roll-off  factor  of  1  is  assumed. 

(5)  Local  power  for  ECM  (2B1Q)  transcei¬ 
ver  is  understood. 

(6)  System  margin  of  9  dB  for  all 
methods  is  assumed.  It  is  supposed 
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that  this  Kargin  in  for  ail  the 
uncertainty  much  as  impulse  noise, 
drop-out,  imperfect  circuit  design, 
intersymbol  interference,  aging, 
etc. 

Taking  into  account  the  parameters 
shown  in  Table  6  and  based  on  the  above 
assumptions  and  referred  to  the  model 
shown  In  Fig. 14,  the  limitation  of 
transmission  distance  or  the  line  loss 
required  can  be  calculated  by  the 
following  equations  ; 


(S/N)£xt  -  XCxt*l01og{i/J*P(£)(f/foJ2 
,l0-L(fJd/10  |s(f)*B(f)|2d£) 

-101og(d/do)  .  (l) 

(S/H)nxt  ■  X^  +  lOlogn/JoPUm/fo)1*5 

|S(f)‘E(f)  |2dfJ  .  (2) 

X£xt  :  Multiple  FEXT  loss  (dB)  at  1%  worst 
point  by  Gamma  model 

Xnxt  :  Multiple  NEXT  loss  (dB)  at  W  worst 
point  by  Gamma  model 

P(f)  :  Power  spectrum  of  disturbing  source 
S(f)  :  Fourier  transform  of  a  single 
sending  pulse,  depending  on  the 
duty  cycle  of  line  code 
L(f)  :  Cable  frequency  response,  dB/K«, 
proportional  to  fu,JJ 
d  :  Working  length,  Km 

f_  :  Reference  frequency  (Nyquisfc  rate 

of  line  signal)  for  crosstalk  loss 
measurement 

d0  :  Reference  line  length  (lKra)  for 
crosstalk  I033  measurement 

From  Eq(  1 ) ,  wq  can  calculate  the 
maximum  permissible  working  length  for  TCM 
method  in  terras  of  the  number  of  interfe¬ 
ring  sources,  and  fron  the  statistics  of 
working  longth  in  Fig.i,  we  con  find  the 
coverage  percentage  of  2B*D  service  in 
various  geographical  areas  for  TCM  (AMI) 
system. 

Frora  Eq(2),  we  can  obtain  the  maximum 
allowable  lino  loss  for  ECM  method  in 
terms  of  the  numbor  of  working  systems, 
and  from  Fig. 5  and  Fig. 6,  wo  can  got  the 
coverage  statistics  for  different  geograp¬ 
hical  areas  on  ECM  (2B)Q)  and  ECM  (MMS43) 
systems. 

Table  7  gives  some  of  the  evaluation 
results.  It  can  bo  expected  that  the 
performance  in  metropolitan  areas  would  be 
better. 

Fig.) 5  shows  the  overall  transmission 
capability  in  terms  of  working  distance 
and  the  number  of  working  systems.  It  is 
noted  that  in  the  beginning  stage  of  ISDN 


deployment,  the  limitation  of  TCM  system 
is  loop  resistance. 


6.  roLr.ow-up  proposals  for  better 

TRANSMISSION  ENVIRONMENT 

The  results  of  loop  survey  and 
transmission  capability  evaluation 
disclose  that  satisfactory  2B*D  transmis¬ 
sion  is  a  severe  challenge  to  our  existing 
loops.  To  make  the  transmission  environ¬ 
ment  better  for  2B*D  signal  in  Taiwan, 
some  measures  are  proposed  in  this 
section. 

6.1  Pair  Selection 

On  the  'remise  that  only  some  pairs 
of  the  100-,. ir  unit  in  a  cable  will  be 
used  to  provide  the  2B»D  circuits,  then 
the  pair  selection  is  proposed.  The  pair 
selection  la  a  first-aid  approach. 

From  section  4.4  and  section  4.5,  it 
Is  clear  chat  the  crosstalk  loss  characte¬ 
ristics  are  rather  too  low,  when  compared 
to  NTT'S  subscriber  loops  (7).  Crosstalk 
between  the  same  quad  pairs  and  between 
the  adjacent  quad  pairs  always  tends  to 
demonstrate  the  severest  NEXT  and  FEXT 
characteristics.  We  propose  two  methods 
of  pair  selection  : 

(1 )  PrearranciMsent 

Only  pairs  which  are  one  adjacent 
quads  apart  will  be  selected, 
accordingly,  only  a  total  of  23 
pairs  in  a  100-pair  unit  can  bo 
preossigned. 

(2)  Selection  by  measurement 
Prcarrangeraent  method  is  attractive 
and  good  for  the  case  of  low  pair 
utilisation  ratio.  Selection  by 
measurement  moans  to  solect  the 
qualified  pair  by  measuring  the 
crosstalk  from  the  pairs  of  adjacent 
quods  and  cho  some  quod. 

Tho  basic  idea  i3  that  for  crosstalk 
loss  statistics,  there  always  exists 
an  abrupt  descent  near  tho  1  2%  tail 
region,  as  shown  in  Fig. 9  and 
Fig. 11,  the  CDF  of  this  tail  region 
is  about  1  2%. 

By  this  method,  the  worst  fraction 
of  coble  pairs  can  be  identified, 
thus  worst  U  or  2%  of  pairs  can  be 
discarded. 

6.2  Bridged  Tap  Removal 

Bridged  Taps  cause  Forward  and 
Backward  echoes  as  stated  in  section  3.3. 
Since  it  is  quite  difficult  to  remove  the 
BTs  in  the  field,  therefore,  we  propose 
that  only  after  the  pair  selection  approch 
is  processed,  and  only  the  BTs  that 
contribute  the  noticeable  echoes  be 
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removed. 

$.3  New  Cable  Specification 

OCT  began  to  install  FS  (Foam-Skin) 
plastic  quad  cable  instead  of  paper  cable 
in  1985  for  subscriber  loops,  and  no  more 
new  paper  cable  has  been  installed  since 
then.  The  crosstalk  performance  of  FS  and 
paper  cables  has  been  studied  all  the  time 
19)  (10).  Recent  study  (11)  shows  that 
the  crosstalk  performance  of  our  new  FS 
cable  cannot  meet  the  loops  specified  by 
DGT  in  the  "Basic  design  practice  for 
local  loop"  (12),  when  serving  2B  +  D 
service. 

From  the  DGT*s  design  practice,  we 
calculate  tho  possible  maximum  lino  loss 
and  DC  resistance,  and  wo  find  that  only 
ECM  (2B1Q)  can  serve  all  the  FS  cable 
loopn  in  the  condition  that  99-pair  NEXT 
loss  at  1%  worst  point  be  less  than  G2  dD 
at  40  Kits. 

local  cable  manufacturers  were  asked 
to  improve  their  fabrication  process,  and 
two  of  them  have  successfully  fabricated 
tho  qualified  cable.  Fig.lG  shows  the 
before  and  after  improvement. 

6.4  New  Installation  Practice 

( 1 )  "CK/NG"  for  pair  selection 

once  a  line  is  assigned  to  be  a  2B+D 
circuit,  we  had  better  to  check  if 
its  crosstalk  performance  is  good 
enough  before  an  NT1  is  installed. 
Since  crosstalk  characteristics  are 
very  difficult  to  moasuro  In  the 
field,  therefore,  an  "OK/NG"  method 
is  n' gposed  by  using  much  easier 
capacitance  unbalance  measurement  to 
qualify  the  selected  line  in  the 
field. 

Tho  correlation  between  crosstalk 
loss  and  capacitance  unbalance  were 
studied.  Fig. 17  snows  how  NEXT  lo3S 
can  be  closely  estimated  by  tho 
capacitance  unbalance.  If  tho  NEXT 
loss  criterion  of  on  assigned  line 
is  55  dB  nt  40  KHz  for  the  adjacent 
quads  and  same  quad,  then  tho  line 
will  be  "OK",  if  all  values  of 
capacitance  unbalance  between  (a) 
the  assigned  pair  and  the  some  quad 
pair,  and  (b)  the  assigned  pair  and 
the  adjacent  pairs  are  smaller  than 
120pF/500m.  Hero,  120pF  is  chosen 
for  safe  reason.  It  takes  no  more 
than  15  minutes  to  finish  the 
measurement  and  only  one  technician 
with  a  compact  portable  measurement 
set  is  required. 

(2)  Sealing  current 

The  twist  spiice  is  a  unique  feature 
of  our  subscriber  lines.  Drop-out 
due  to  twist  sp) icing  can  be 


improved  by  sending  a  sealing 
current  continuously. 

( 3 1  Splicing  by  connector  or  welding 
"uy“eonnector  or  welding,  the  cable 
can  be  permanently  spliced  with  very 
small  splicing  resistance,  and  this 
prevents  the  drop-out. 


( 4 )  No  l\Ts  for  newly  lnsta  1  led cablg 

By  introducing  d istrVbuti o n  bo  57  the 
BTs  can  be  eliminated  without 
sacrificing  the  pair  utilisation  and 
hence  no  more  echoes  will  happen. 


(5)  Digital. loop  carrier 

Digital  loop  carrier  is  tho  most 
promising  technology  to  servo  tho 
out-of-range  customers,  *ith  fiber 
as  foodor,  the  Narrow-band  ISDN  (N- 
ISDN)  can  bo  smoothly  evolved  to 
Broad-band  ISDN  (B-ISDN). 


6.5  Loop  Tost  Laboratory 

After  loop  survoy,  a  loop  test 
laboratory  was  established  in  TL.  Every 
kind  of  loop  configurations  in  the  field 
can  bo  emulated  in  the  laboratory,  no 
mattor  how  it  is  composed.  Similar  to 
Bellcore's  standard  test  linos  (13),  a  sot 
of  15  lines  representing  the  uniquo  loop 
environment  of  Taiwan  are  also  established 
in  tho  laboratory,  so  that  the  2B+D 
transceivers  can  be  really  qualified. 


7.  CONCLUSION 

Tho  loop  survoy  in  the  whole  Taiwan 
for  ISDN  2B+D  transmission  is  reported  in 
this  papor.  The  performance  of  ECM 
(2B1Q),  ECM  (MMS43)  and  TCM  (AMI)  has  been 
evaluated.  Tho  evaluation  result  shows 
ECM  with  2B1Q  code  is  most  attractive. 
From  tho  viewpoint  of  DGT's  loop  design 
rulo,  ECM  (2B1Q)  gives  another  merit.  In 
this  paper,  we  also  show  that  the 
metropolitan  areas  arc  much  easior  to 
provide  the  2B+D  service.  Some  follow-up 
proposals  havo  been  discussed,  and  wc 
believe  all  of  these  measures  may  make  our 
transmission  environment  better  for  2B+D 
signal. 
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APPENDIX  'A 

Fifteen  Standard  Test  Lines 
for 

DGT's  Loop  Plants 

After  loop  survoy,  wo  found  that  2503 
linos  out  of  2,805  samples  wore  good  for 
configuration  study.  Wo  define  the  loop 
power  loss  (LPL)  as  follows  : 

LPL  (dB)  ■  (»“n/4)P(w)dw]  / 

(/oP(w)ll2(w)dw) 

whore 

P(w)  :  Power  spectrum  of  transmitted 
signal 

htw)  :  Transfer  function  of  loop 

)!(w)  is  a  function  of  wire  gauge, 
wire  length,  the  length  of  BT,  location  of 
BT,  number  of  BT,  and  etc.  We  derive  the 
11  (w)  of  each  2,503  linos,  and  then 
calculate  the  LPL  for  2B1Q  signal. 

After  sorting  the  2,503  lines  by  the 
magnitude  of  the  LPL,  wo  choose  15  linos 
from  the  worst  15%  of  them,  in  other 
words,  among  2,503  lines,  wo  first  pick  up 
the  worst  375  lines,  then  15  lines  from 
375  ones  are  selected  according  to  the 
following  rules: 

(1)  Representative  of  various  configu¬ 
rations. 

(2)  One  pair  in  1%  of  2,503  lines. 

Thus,  15  pairs  are  selected  and  shown 
in  Fig.  A. 
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Table  1  hyAiwfaMwIiKnA 


Ta M'S  Overall  Maori  NoiacSMrica 


TOTAL 

NTTA 

AREA 

00 

REMARK 

1,446,100 

<N«*) 

3,172,300 

2.594.900 

33 

Mercyo IU 

991.200 

43 

Suburb 

2I4.3C0 

70 

Rural 

Note  :  Including  NTTA,  CTTA.  STTA 

2394 

ryn^Mucy 

MHa 

itotu 

300H* 

ANSI  RQMT 

-I7d»« 

■49d*ni 

•39dRo» 

Percentage 

99.11% 

99.14* 

99.72% 

Tabic  2  Sample  Dieribubon  In  NTT  A 


TOTAL 

NTTA 

AREA 

CO 

SAMPLES 

Remark 

M0 

20 

43 

McuopoUs 

2103 

1271 

322 

23 

14 

Suburb 

96 

32 

■ 

Rural 

Table]  Smiuki  for  the  number  of  BTi 


Tap  number 

0 

1 

2 

3 

B 

Percentage 

35* 

41% 

17* 

4* 

3* 

Table  6  Dnlgn  panmesm  of different  2RvD  trwcaivcn 
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M  KBauds 
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9000 
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AM 
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I12Q 

Table  4  Overall  Sun'sdet  of  ihe  Insulation  Resistance 
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Tabl«7  fcrccnttgcsLitisiicsof2lHD  service  coverage 


METftOrOUS 

SUBURB 

BUBAL 

OVMtALL 

0 

53 

B 

m 

J3 

B 

s 

53 

B 

B 

B 

B 

POHI 

a 

D 

□ 

0 

B 

B 

fl 

B 

B 

B 

B 

B 

D 

H 

a 

B 

B 

B 

B 

B 

fl 

fl 

B 

100 

D 

B 

B 

fl 

B 

B 

B 

B 

B 

B 

280  International  Wire  &  Cable  Symposium  Proceedings  1989 


WOUMOU'MDTK  (fa.) 

P|.t  DMVHio*  ctuncwriMki  of  the  woiMof  Wi»«A 


Pf  .4  Frequency  chMKKtlnki  of  the  oven!!  line  loti 


Pjt.2  DittributloA  chifKItriillct  of  the  1st  Wdphed  Up  locillon 


WUM  («) 

ptg  <  ninfibmloo  plou  of  lii«  lit  low  « tottlk 


Fi{J  Sttiltikt  of  the  loop  ttiiiunce 


International  Wire  &  Cable  Symposium  Proceedings  1989  281 


262  international  Wire  &  Cable  Symposium  Proceedings  1989 


P(f)  a  Power  spectral  density  of  transmitted  signal 

L(t)  =  Cable  frequency  response 

E(f)  =  Equalizer  transfer  function 

XN(0,  Xf  (0  =  NEXT,  FEXT  transfer  function 

D  =  Working  distance,  Km 

L  =  Total  line  loss,  dB 

R  a  Loop  resistance,  n 


Fig.  14  Performance  evaluation  models  for 
ECM(top)  and  TCM(bottom)  systems 


R*.  16  NEXT  charecttriuici  of  FS  able  before  and  after  Improvement 

11  I  »• 


2  I*  21  IM  SO*  1000 

capacitance  unbalance  (pt/JOOm) 

Fig.  17  Relationship  between  NEXT  loss 
and  capacitance  unbalance 
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0.  Abstract 

This  contribution  descrtUi*  »  . 
cable  for  mobile  radio  commmlcation  in  «. 
tunr*ls  and  buildings.  Out  of  a  basic  theo 
consideration  for  those  radiating  cables  the 
ciple  of  a  new  developed  broadband  leaky  coaxial 
cable  with  a  variety  of  saall  slots  Is  described. 
The  results  In  the  frequency  range  from  SO  to 
900  MHz  froa  a  special  aeasuring  route  are  out¬ 
lined.  This  leaky  coaxial  cable  Is  based  on  a 
air-spaced  dielectric,  naaed  baaboo-constructlon, 
which  leads  to  low  attenuation  even  at  high  fre¬ 
quencies.  The  contribution  Is  finalised  by  consid¬ 
erations  regarding  the  planning  and  erection  of 
leaky  coaxial  cable  routes. 


1.  Introduction 

For  communications  between  fixed  and  Mobile 
subscribers  normally  radio  links  are  used.  The 
ongoing  development  or  communications  increases  the 
demand  for  those  communications  between  fixed  and 
mobile  subscribers  at  any  point,  even  in  tunnels. 
In  tunnels  especially  in  railway  tunnels  the 
propagation  properties  of  radio  waves  at  frequen¬ 
cies  used  for  mobile  communication  are  very  unsat¬ 
isfying.  For  longer  tunnels  therefore  it  Is  neces¬ 
sary  to  equip  them  «ith  a  separate  radio  link  to 
enable  an  uninterrupted  radio  communication 
(Fig.  1).  The  critical  tunnel  length  depends  on  the 
surroundings  and  the  distance  to  the  next  radio 
link  antenna  but  normally  lays  in  the  range  of  400 
to  500  m.  The  special  support  of  tunnels  by  radio 
signals  can  be  done  by  directive  antenna  before  and 
inside  the  tunnel.  But  this  is  often  not  possible 
especially  inside  the  tunnel.  Therefore  normally 
radiating  cables  are  used  [1]. 

For  this,  in  the  sixties  acceptable  results  were 
reached  with  slotted  coaxial  cables.  These  slotted 
coaxial  cables  are  open  coaxial  cables  where  a 
continuous  longitudinal  slot  or  separated  holes  are 
in  no  relation  with  the  wavelength.  Later  in  the 
development  leaky  coaxial  cables  with  periodically 


paced  radiation  slots  were  investigated  (2).  in 
-Tis  contribution  we  will  report  on  newest  results 
*n  new  developed  leaky  coaxial  cables. 

2.  Cable  Design 

Radiating  cables  have  a  coaxial  design.  They 
consist  of  a  central  conductor,  a  concentric 
insulating  dielectric,  an  outer  conductor  which 
covers  the  insulation,  and  a  final  thermoplastic 


Fig.  1:  High  Speed  train  ICE 


sheath.  The  characteristic  impedance  of  the  cable 
is  normally  50  0. 

The  inner  conductor  is  made  of  massive  copper  or 
for  cables  with  larger  dimensions  made  of  copper- 
clad,  which  is  a  copper  cladded  aluminium  wire,  or 
a  copper  tube,  to  reduce  weight  and  increase 
economy. 

For  the  insulating  dielectric  a  low  dielectric 
constant  is  prefered  to  get  low  attenuation  and 
also  a  broadband  radiation  characteristic.  This  can 
be  realised  by  foamed  polyethylene  or  by  an 
airspaced  dielectric  in  bamboo  construction.  With 
foamed  polyethylene  the  polyethylene  basic  material 
is  blown  up  with  a  large  number  of  small  airbubbles 
which  are  separated  by  thin  cellular  wall'.  By  this 
it  is  possible,  to  reach  a  dielectric  instant 
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between  1.3  and  1.5  depending  on  the  degree  of 
Towing. 

In  case  of  bamboo  construction  on  the  inner  con¬ 
ductor  In  distances  of  a  few  centimetres  polyeth¬ 
ylene  discs  are  placed.  Over  these  disr?  a  poly¬ 
ethylene  tube  of  about  1  m  thickness  is  extruded. 
By  this  a  system  of  air  chambers  is  formed.  The 
similarity  of  this  chamber  system  over  the  inner 
conductor  with  bamboo  led  to  the  name  "bamboo 
construction"  for  this  type  of  Insulation  (fig.  2). 
By  the  high  portion  of  air  in  this  dielectric  the 
dielectric  constant  is  in  the  range  of  1.2  to  1.3. 

To  reach  low  attenuation  at  frequencies  up  to 
900  MHz  radiating  cables  must  have  large  dimen¬ 
sions.  The  inner  conductor  has  a  diameter  between  5 
and  10  m  and  to  reach  a  characteristic  impedance 
of  50  (T  the  diameter  over  dielectric  reaches  20  to 
30  mm.  Therefore  the  bending  characteristic  of  the 
dielectric  Is  of  large  Importance.  For  both  - 
foamed  polyethylene  and  bamboo  -  this  is  realised. 


But  the  foamed  polyethylene  has  only  limited 
lateral  stability,  lateral  loading  therefore  can 
lead  to  permanent  deformation.  Moreover  the  foamed 
polyethylene  Is  sensitive  to  humidity.  For  radiat¬ 
ing  cables,  where  the  outer  conductor  is  not 
totally  closed  the  humidity  can  penetrate  through 
the  thin  cellular  walls  into  the  dielectric.  In 
long-term  behaviour  this  results  in  an  Increase  of 
the  dielectric  constant  and  therefore  the  attenua¬ 
tion  increases. 

The  bamboo  construction  reaches  a  bending  charac¬ 
teristic  comparable  to  foamed  polyethylene  but  has 
a  much  higher  lateral  stability.  The  air  chamber 
system  moreover  Is  longitudinally  and  transverse 
watertight.  The  penetration  of  humidity  through  the 
tube  of  polyethylene  is  several  decades  lower  than 
that  through  the  thin  walls  of  the  foamed  polyethy¬ 
lene. 

For  the  outer  conductor  of  radiating  cables  copper 
tapes  are  used.  The  copper  tape  is  longitudinally 
formed  around  the  dielectric  as  a  tube. 

For  slotted  coaxial  cables  the  copper  tape  has  a 
smaller  width  than  the  circumference  of  the 
dielectric.  By  this  a  longitudinal  slot  in  the 
outer  conductor  results  (Fig.  3  top).  Also  other 
constructions  for  slotted  coaxial  cables  are  known, 


where  the  outer  conductor  is  a  corrugated  copper 
tube.  By  abrasing  the  peaks  of  corrugation  along 
the  cable  axis  short  equidistantly  spaced  holes  are 
formed  in  the  outer  conductor.  The  remaining  copper 
sticks  are  very  small  and  the  hole  distances  are 
short  compared  to  the  wavelength.  Such  a  row  of 
holes  behaves  ei«crir/.cally  like  a  homogeneous 
longitudinally  slot  in  the  outer  conductor. 

In  leaky  coaxial  cables  also  copper  tapes  arc 
longitudinally  formed  around  the  dielectric  to  a 
tube,  in  this  outer  conductor  holes  or  groups  of 
holes  are  punched  which  repeat  periodically  in 
longitudinal  direction.  The  configuration  of  the 
holes  with  respect  to  shape,  width  and  position 
within  one  period  determines  the  radiating  charac¬ 
teristic  of  the  leaky  coaxial  cable. 


Fig.  3:  Variety  of  radiating  cables 


The  variety  of  possible  slot  configurations  In  the 
outer  conductor  is  large.  In  one  type  of  cable  some 
few  short  slots  in  axial  direction  in  a  distance  of 
some  metres  are  applied.  In  another  cable  slot  ar¬ 
rangements  of  some  circular  holes  or  small  slots 
with  repetition  rates  between  10  and  100  cm  are 
typical.  Or  up  to  100  small  slots  perpendicular  to 
the  cable  axis  over  a  periodic  length  of  2  m  are 
arranged  in  well-designed  distance  between  each 
other  (Fig.  3  middle).  The  arrangement  mentioned  at 
the  latest  will  be  described  here.  Such  an  ar¬ 
rangement  gives  an  intensive  radiation,  which  means 
a  low  coupling  loss  over  a  broad  frequency  range 
between  70  and  1000  MHz. 

Over  the  copper  outer  conductor  a  thermoplastic 
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sheath  is  extruded.  Standard  material  for  this 
sheath  Is  polyethylene  which  Is  black  coloured  for 
UV-stabi llty.  for  Installation  In  rough  tunnels  or 
as  aerial  cables  along  radiation  shadowed  valleys 
these  cables  are  also  available  with  a  dielectric 
supporting  rope  constructed  as  a  Figure-8-Cable 
(Fig.  3  below). 

3.  Theory  of  Radiation 

The  basis  for  the  radiating  cables  ara  coaxial 
cables.  In  such  a  cable  with  closed  outer  conductor 
a  TEH-wave  travels  from  the  transmitter  to  the 
cable  end  and  can  be  received  there  and  will  be 
■o re  or  less  reflected  depending  on  the  impedance 
■etching.  By  the  totally  closed  outer  conductor  the 
wave  Inside  the  cable  is  totally  screened  from  the 
surrounding.  Alongside  a  coaxial  cable  no  coupling 
of  an  electromagnetic  field  can  be  Measured.  In  the 
same  case  no  electromagnetic  field  outside  the 
cable  nas  any  influence  on  the  inside  wave. 

Openings  in  the  outer  conductor  cause  electromag¬ 
netic  coupling  between  the  field  of  the  inner  wave 
and  the  outside  in  the  sane  way  like  single  anten¬ 
nas  work.  The  arrangement  of  the  openings  deter- 
■ines  the  mechanism  of  the  coupling.  With  this 
respect  two  kinds  of  cables  are  distinguished,  the 
surface  waveguide  and  the  leaky  coaxial  cable.  In 
the  first  group  of  cables,  the  holes  in  the  outer 
conductor  are  equldlstantly  spaced  over  the  cable 
length  with  a  small  spacing  compared  to  the  oper¬ 
ating  wavelength.  To  this  group  also  slotted 
coax U i  cables  belong  where  the  outer  conductor 
over  the  full  length  of  the  cable  is  opened  to  a 
distinct  degree  as  well  as  cables  with  an  open 
braid  as  outer  conductor. 

The  mechanism  of  those  cables  can  be  explained  with 
the  following  model:  the  largest  part  of  the  energy 
travels  as  an  Inside  wave  through  the  cable 
(Fig.  A)  At  any  points  of  inhomogeneity  of  the 
outer  conductor  surface  waves  will  be  induced  which 
spread  in  forward  and  backward  direction  along  the 


outside  of  the  cable  and  interfere  with  each  other 
(Fig.  5).  The  field  strength  at  n  mobile  antenna 
varies  between  doubling  and  extinguishing.  The 
quality  of  the  radio  communication  varies  very 
much.  Also  the  kind  of  installation  and  the  sur¬ 
rounding  near  the  cable  affects  the  radiation  field 
along  the  cable. 

The  most  important  characteristic  for  energy 
transport  along  the  cable  by  the  inner  wave  Is  the 


longitudinal  loss.  This  loss  is  mainly  determined 
by  the  dimensions  and  the  dielectric  material  of 
the  cable.  The  maximum  thickness  of  the  cable  is 
limited  by  mechanical  and  installation  reasons  to 
approximately  35  mm.  But  for  radiating  cables  also 
the  surrounding  of  the  cable  is  important  for  the 
longitudinal  loss  because  the  inner  wave  also 
travels  to  a  small  portion  on  the  outside  of  the 
outer  conductor  (Fig.  4). 

The  coupling  from  enerqy  out  of  the  cable  through 
the  outer  space  to  the  antenna  is  described  by  the 
coupling  loss.  This  coupling  loss  Is  defined  as  the 
ratio  of  the  received  power  at  an  antenna  to  the 
power  in  the  cable  nearest  to  the  antenna.  Because 
of  the  reciprocity  analogue  considerations  are 
valid  for  the  transmission  from  an  antenna  to  the 
cable.  The  coupling  loss  for  slotted  coaxial  cables 
depends  on  the  width  of  the  slot  and  is  also 
affected  by  the  interference  and  reflection  in  the 
surrounding. 

The  reached  results  were  unsatisfying  and  consid¬ 
erations  were  undertaken  to  develop  a  cable  with 
lower  longitudinal  loss,  lower  coupling  loss  and 
uniform  radiation  over  a  broad  frequency  band.  This 
leads  to  a  second  group  of  radiating  cables,  the 
leaky  coaxial  cables.  The  idea  was  that  a  portion 
of  the  energy  from  the  Inner  part  of  the  cable  will 
be  radiated  as  leaky  waves  to  the  outside.  This 
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radiation  is  caused  by  regular  stiwlatioo,  this 
Mans  by  a  periodic  slot  arrangement.  In  the 
simplest  case  small  single  slots  spaced  with  half 
the  operating  wavelength  -  for  example  1.5  m  for 
100  MHz  -  are  arranged  in  the  outer  conductor 
(Fig.  (a).  The  coupling  loss  is  very  low  in  a 
sail  1  frequency  range  but  above  and  below  this 
frequency  it  is  increased  by  interference.  For  lew 
coupling  loss  over  the  total  frequency  range 
between  50  and  1000  MHz  the  single  slots  wst  be 
arranged  in  a  periodical  slot  pattern.  This  has  two 
reasons: 

1.  Besides  the  fundamental  node  at  the  lower 
cut-off  frequency  all  higher  order  waves  are 
stimulated  so  that  at  higher  frequencies 
several  leaky  waves  Interfere  and  the  receiv¬ 
ing  signal  is  highly  disturbed.  The  higher 
order  waves  wst  be  suppressed  or  at  least 
damped  very  wch. 

2.  By  the  fact  that  the  single  slots  c*n  be  taken 
as  mil  antennas  or  sources  of  radiation  the 
possibility  arises  to  double  the  radiation  by 
doubling  the  number  of  holes  per  period,  this 
means  to  reduce  the  coupling  loss  by  a  factor 
of  2  (6  dB).  But  the  arrangement  of  slots  wst 
follow  a  complicated  mathematical  rule  to 
suppress  higher  order  modes. 

In  contrary  to  the  up  to  now  known  slot  arrange¬ 
ments  the  distances  of  the  different  slots  in  one 
period  do  not  follow  a  simple  law  for  the  new  leaky 
coaxial  cables.  The  essential  of  this  new  cable  is 
that  the  slots  are  as  small  as  possible  because  the 
strength  of  the  radiation  is  affected  mainly  by  the 
width  of  the  slots  and  only  unessentially  by  the 
slot  length.  Moreover  the  special  arrangement  of 
slots  results  in  the  fact,  that  in  the  interesting 
frequency  range  disturbing  poles  are  distinguished 


cosinus  functions  with  following  Fourier  transform. 
With  the  Fourier  transform  a  function  in  the 
frequency  range  is  transformed  to  a  function  in  the 
local  range.  The  resulting  function  is  realised  by 
small  slots  perpendicular  to  the  cable  axis.  The 
principle  will  be  explained  in  the  following. 

By  the  arrangement  of  slots  which  are  arranged 
pairwise  a  fundamental  frequency  fQ  is  given.  Also 
at  each  entire  wltiple  of  f0  poles  in  the  fre¬ 
quency  range  are  given.  For  a  uniform  radiation  the 
poles  of  2nd,  3rd,  4th,  n'th  order  should  be 
suppressed  as  wch  as  possible.  This  is  achieved  by 
successive  wltipllcatlon  of  the  basic  spectrum 
with  cosinus  functions  F.,  F„  F»,  ....  this  means 
a  total  function  '  *  J 


These  functions  have  their  maxiwm  at  the  frequency 
f0,  this  means  amplitude  •  1.  The  function  F.  wst 
have  its  0- value  at  2f0  to  suppress  the  pole  of 
second  order.  At  4fn  this  function  has  the  ampli¬ 
tude  «  -1.  The  perrodlcity  is  therefore  8fQ.  The 
Fourier  transform  of  the  product  on  the  “basic 
spectrum  with  this  cosinus  function  gives  a  pair  of 
slots  with  a  distance  of  2/8  of  the  periodicity 
length.  This  means  one  slot  generates  two  slots  per 
period.  By  this  first  doubllnq  of  the  number  of 
slots  per  period  the  poles  of  2nd,  6th,  10th,  14th, 
...  order  are  suppressed.  At  the  remaining  poles 
the  following  amplitudes  are  expected: 

OrUif  ef  molt  i  }  t  5  t  ^  . 
ftl.  wmlltuM  0 -0.TC7  *1  -O.T Cf  -O.KT  1,0  ... 

In  a  next  step  the  remaining  spectrum  in  the 
frequency  range  will  be  wl  tipi  led  by  F?  the 
cosinus  with  the  periodicity  12f0.  By  this  the 
poles  of  3rd,  9th,  15th,  ...  order  are  suppressed. 
In  the  local  range  each  of  the  two  slots  per  period 
are  replaced  by  double  slots  which  are  dislocated 
by  1/12  of  the  periodicity  length  to  the  right  and 
to  the  left  in  the  original  location.  The  remaining 
amplitudes  are  now 

OrUtr  c(  polt  I  *  S  t  t  ... 

Ml.  •wllluW  0.412  O.M  0.612  -0.612  -0.5  ... 

In  wltiplying  the  remaining  spectrum  with  F,  * 
cosinus  function  with  the  periodicity  16fQ  the  4th, 
12th,  ...  pole  are  suppressed.  The  4  slots  are 
transformed  to  8  slots  per  period.  This  principle 
wst  be  executed  until  all  higher  order  poles  in 
the  interesting  frequency  range  are  eliminated.  For 
leaky  coaxial  cables  with  a  low  basic  frequency  fQ 
and  a  broad  transmission  range  this  led  to  a  large 
number  of  slots  within  one  length  of  periodicity 
and  therefore  to  sometimes  very  small  slot  dis¬ 
tances  (Fig.  6  b,  c). 


or  at  least  severely  damped.  Those  small  slots  are 
on  one  hand  easy  to  produce.  On  the  other  hand  it 
is  possible  to  punch  in  a  given  length  of  perio¬ 
dicity  a  larger  number  of  slots  than  of  all  other 
hole  configuration  known  up  to  now. 

The  calculation  of  the  slot  distance  for  the 
suppression  of  poles  is  mainly  done  by  multiplying 


To  avoid  this  and  to  get  a  larger  number  of  sup¬ 
pressed  poles  for  the  same  number  of  slots  the 
zeros  of  the  cosinus  function  are  chosen  that  with 
one  cosinus  function  several  poles  are  not  totally 
suppressed  but  weakened.  For  this  the  zeros  are 
chosen  not  exactly  at  the  pole  frequencies  but  in 
such  a  way  that  the  product  of  all- cosinus  func¬ 
tions  gives  values  less  than  5*10  .  By  this  the 
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number  of  cosinus  functions  for  saoothenlng  the 
frequency  slop#  are  reduced.  By  this  the  number  of 
slots  and  the  minimum  distinct  between  two  slots 
art  ttchnlcally  realisable  In  the  chosen  periodic¬ 
ity  length.  For  a  fundamental  frequency  of  CS  MHz 
it  is  possible  to  suppress  with  64  holes  over  a 
length  of  approximately  2  metre  poles  up  to  the 
order  of  IS  sharply  and  to  stay  with  a  minimum  slot 
distance  of  approximately  7  mm.  The  first  three 
optimised  cosinus  functions  ere 


F.  ■  cos 
F,  «  cos 

i '  cos 


na/2’2.02) 

n*/2*3.06 

n»/2*4.41 


Fig.  7  shows  such  a  leaky  coaxial  cable. 


Fig.  7:  Leaky  coaxial  cable  with  numerous 
periodically  arranged  slots 


4.  Measuring  Technique 

For  the  testing  of  radiating  cables  a  test 
route  has  been  built.  On  this  approximately  100  m 
long  route  it  is  possible  to  measure  the  radiation 
characteristics  of  slotted  coaxial  cables  and  leaky 
coaxial  cables  and  do  comparisons  between  different 
cable  constructions.  The  place  for  the  test  route 
was  chosen  in  such  a  way  that  reflecting  buildings 
or  other  elements  arc  at  least  20  m  apart  from  the 
test  route  and  the  cable. 

To  get  the  bare  cable  characteristics  the  radiating 
cables  are  mounted  on  wooden  poles  in  a  height  of 
approximately  2  m  over  a  non-armoured  concrete 
plate.  This  concrete  plate  is  also  the  running  path 
for  an  electrical  vehicle  with  transmitter  and 
antenna  (Fig.  8).  The  vehicle  is  equipped  with  an 
independent  power  supply  and  allows  measuring  runs 
with  mobile  transmitter  and  also  mobile  receiver 
with  variable  distances  to  the  cable. 

As  antennas  normally  /2-dipoles  with  vertical 
polarisation  matched  to  the  measuring  frequency  are 
chosen.  But  also  other  antennas  like  special 
vehicle  antennas  or  biconic  broadband  dipole 
antennas  can  be  mounted. 

The  measuring  runs  can  be  done  with  distances  of  2 
to  6  m  parallel  to  the  cable.  Field  deformations  at 


Fig.  8:  Measuring  route  for  testing  of 
radiating  cables 


the  ends  of  the  route  are  eliminated  by  choosing 
for  examination  only  60  m  in  the  middle  of  the 
route.  At  each  measuring  run  with  a  constant  fre¬ 
quency  the  receiving  level  Is  registered  at  some 
1000  points  along  the  route.  In  an  ongoing  calcu¬ 
lation  process  correction  is  done  Tor  each  point  by 
the  cable  loss  between  the  cable  end  and  each 
measuring  point.  By  this  a  plot  of  the  field 
strength  along  the  radiating  cable  is  obtained.  The 
local  coupling  loss  is  then  calculated  as  the 
difference  between  the  transmitter  level  and  the 
measured  receiving  level. 

This  first  measuring  programme  is  followed  by  a 
statistical  evaluation  programme.  By  this  the 
probability  distribution  of  the  local  coupling  loss 
is  calculated.  The  mean  value  is  the  coupling  loss 
with  50  i  probability.  Moreover  the  95  X  probabil¬ 
ity  of  the  coupling  loss  is  calculated  because  this 
value  is  relevant  for  radio  link  planning.  For  each 
test  frequency  one  test  run  is  required.  Only  5 
minutes  are  needed  for  this,  including  all  calcu¬ 
lations.  As  standard  frequencies  70,  87,  110,  160, 
460  and  960  MHz  were  chosen. 

5.  Results 

In  the  course  of  development  of  leaky  coaxial 
cables  a  large  number  of  different  measurements  on 
test  cables  and  standard  cables  taken  from  the 
current  production  were  carried  out  on  this  test 
route.  Moreover  every  possibility  for  measuring  the 


290  International  Wire  &  Cable  Symposium  Proceedings  1989 


coupling  loss  and  longitudinal  loss  in  tunnels  were 
taken  to  examine  the  correction  factor  for  the 
values  received  fro*  the  free  space  propagation  to 
the  values  in  tunnels.  For  every  cable  longitudinal 
loss  and  structural  return  loss  are  Measured. 
Examples  for  longitudinal  loss  are  shown  in  Fig¬ 
ure  B  and  for  structural  return  loss  in  Figure  10. 


Fig.  10:  Structural  return  loss  of  a  leaky 
coaxial  cable 


These  Measurements  are  done  More  or  less  for 
quality  control  because  the  results  are  predictable 
with  great  accuracy.  The  peaks  in  the  longitudinal 
loss  and  the  structural  return  loss  are  related  to 
the  slot  configuration. 

But  for  the  coupling  loss  this  is  quite  different. 
At  many  frequencies  in  different  distances  between 
antenna  and  cable  and  under  several  mounting 
conditions  test  runs  have  been  conducted.  Espe¬ 
cially  the  influences  of  the  surrounding  must  be 
recognised  and  correlated  to  the  results  and  then 
by  changing  the  construction  of  the  slot  con¬ 
figuration  and  the  Mounting  conditions  they  were 


Unyh 


Fig.  11:  Evaluation  of  coupling  loss  for  a 

leaky  coaxial  cable  depending  on  the 
slots  per  period 


compensated.  Figure  11  shows  the  development  of  the 
coupling  loss  at  460  MHz  for  leaky  coaxial  cables 
with  the  same  periodicity  but  with  increasing 
number  of  slots  arranged  systematically  to  suppress 
higher  order  modes.  Here  the  decrease  in  coupling 
loss  with  increasing  number  of  slots  can  be  seen 
clearly.  Figure  12  shows  a  measured  curve  of  the 
coupling  loss  over  a  frequency  range  between  30  and 
330  MHz  using  a  biconical  broadband  dipole  antenna. 
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Fig.  12:  Coupling  loss  of  a  broadband  leaky 
coaxial  cable  versus  frequency 


Also  another  very  Important  effect  on  the  longitu¬ 
dinal  loss  was  investigated.  The  so-called  "Salt 
Effect"  which  describes  the  increase  of  longitudi¬ 
nal  loss  with  increasing  frequency  by  pollution  on 
the  cable  by  wet  salt  which  happens  in  car  traffic 
tunnels  In  winter  tine.  The  radio  link  cocnunica- 
tlon  collapses  because  of  energy  absorption  of  the 
polar  Molecules  of  the  wet  salt  to  the  Inner 
longitudinal  transporting  wave.  By  drying  the  salt 
and  cleaning  the  cable  this  effect  vanishes  com- 
pletely.  A  qualitative  indication  for  this  effect 
is  the  relative  open  space  of  the  outer  conductor. 


Fig.  13:  Salt  effect  of  a  slotted  coaxial 
cable 


This  is  larger  for  slotted  coaxial  cables  than  for 
leaky  coaxial  cables  of  the  newer  type.  Therefore 
for  these  leaky  coaxial  cables  this  "salt  effect" 
is  more  or  less  negligible  because  here  the  aper¬ 
tures  are  very  small.  Figure  13  and  14  show  this 
salt  effect  for  slotted  coaxial  cables  and  leaky 
coaxial  cables  respectively. 


Fig.  14:  Salt  effect  of  a  leaky  coaxial  cable 


6.  Planning  and  Erection  of  Cable  Routes 

For  the  planning  of  leaky  coaxial  cable  routes 
the  same  rules  are  applied  as  for  antennas.  The 
radiating  field  strength  at  a  mobile  receiver 
coming  from  a  local  station  must  not  come  under  a 
minimum  receiver  sensitivity  level.  The  same  rules 
are  valid  for  the  reverse  direction  this  means  from 
the  antenna  over  the  cable  to  the  local  station. 
The  attenuation  between  the  transmitter  and  the 
receiver  is  the  sum  of  the  longitudinal  cable  loss 
to  the  nearest  point  between  cable  and  antenna  and 
the  coupling  loss  from  the  cable  to  the  antenna. 
Table  1  shows  the  characteristic  r’rameters  of 
radiating  cables.  Whereas  the  longitudinal  loss 
increases  over  the  length  and  with  increasing 
frequency  the  coupling  loss  for  leaky  coaxial 
cables  is  over  a  frequency  range  from  60  to  900  MHz 
more  or  less  constant  and  fluctuates  only  locally. 
For  frequencies  150  and  450  MHz  Figure  15  shows  the 
curves  for  the  sum  of  longitudinal  loss,  coupling 
loss  and  its  variation  over  the  length.  For  both 
frequencies  total  losses  of  approximately  120  dB 
are  brldgeable.  For  this  a  maximum  non- repea tered 
section  of  2700  m  at  150  MHz  and  respectively 
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Table  1:  Characteristics  of  different 
radiating  coaxial  cables 
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Fig.  15:  System  loss  of  leaky  coaxial  cable 
LK37  at  150  and  450  Wz 


1500  m  at  450  HHz  can  be  calculated.  Over  this 
length  a  tunnel  can  be  equipped  with  transmitter 
and  receiver  on  one  side  (Fig.  16  a).  If  the 
feed-ln  to  the  cable  is  done  at  the  Kiddle  of  the 
cable  route  and  therefore  coupling  respectively 
decoupling  of  energy  is  served  via  a  T-coupler 
operating  lengths  of  5.5  respectively  2.8  km  can  be 
achieved  for  150  respectively  450  MHz. 

For  longer  operating  lengths  the  older  possibility 
of  arranging  Multiple  sections  with  central  supply 
and  connecting  the  in/outs  with  a  modulation  cable 
are  chosen  (Fig.  16  c).  But  more  adequate  is  the 
usage  of  broadband  repeaters  which  compensate  the 
longitudinal  loss  (Fig.  16  d).  The  transmitter  and 
receiver  are  on  both  sides  of  the  tunnel  and  they 
are  connected  via  a  low  frequency  cable.  It  is 
possible  to  power-supply  the  intermediate  repeaters 
via  the  leaky  coaxial  cable. 

Normally  one  cable  link  is  sufficient  for  the 
supply  also  for  a  double  track  tunnel.  Tne  cables 
are  installed  in  the  middle  of  the  tunnel  at  the 
top,  or  on  one  side  of  the  tunnel  in  a  height  which 
is  a  little  bit  higher  than  the  largest  vehicle  in 
the  tunnel  to  avoid  shadow  effects  in  two-way- 
traffic. 

In  tunnels  with  flat  walls  the  cable  is  normally 


fixed  to  the  will  with  plastic  clamps  (Fig.  17) 
which  are  fixing  the  cable  in  a  distance  of  ap¬ 
proximately  8  cm  from  the  wall.  Every  one  metre 
such  a  clamp  is  installed.  For  the  mounting  of  the 
cable  in  rough  tunnels  it  is  advantageous  to  use  a 
cable  with  a  non-metal  lie  supporting  wire  which  s 


Fig.  16:  Radiation  systems  for  tunnels  of 
different  lengths 


Fig.  17:  Clamp  for  fixing  radiating  cables  to 
the  wall 
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fixed  approximately  every  10  Metres  to  the  tunnel 
well.  In  railway  tunnels  it  Must  be  considered  that 
the  cable  should  be  earthened  every  500  r  to  llMtt 
the  induced  voltage.  This  is  nonaally  done  at  the 
connectors. 

The  repeaters  in  tunnels  arc  Mounted  in  niches 
which  are  norMally  already  existing.  By  this  the 
Mounting  place  of  the  repeaters  May  be  soMetiees 
not  at  the  optlMised  location. 

7.  Outlook 

The  leaky  coaxial  cables  described  here  are 
well  suited  for  the  supply  of  radio  energy  in 
tunnels  for  railway  and  car  traffic.  By  the  fact 
that  the  cable  has  a  low  attenuation  up  to  900  HHz 
and  also  an  excellent  coupling  loss  with  low 
fluctuation,  links  with  these  cables  will  be  able 
not  only  to  transMlt  the  Mobile  traffic  communica- 
tlon  services  of  today  but  also  those  of  the  future 
especially  the  digital  Mobile  communication  system 
at  900  MHz. 
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Abstract 

Non-metallic  jelly-filled  optica)  cables  arc 
widely  used  because  they  can  make  maximum  use  of 
the  non-inductive  characteristics  of  optical  fiber 
and  they  are  superior  waterproof  characteristics. 
Largely  due  to  its  recently  expanding  ra.ige  of 
application,  there  is  an  Intensifying  demand  for 
flame  resistance. 

However,  jelly  used  as  a  component  material 
generally  accelerates  cable  firing.  Jelly  Is  a 
major  obstacle  to  improve  the  flame  retardancy  of 
non-metallic  optical  cables. 

By  using  a  newly  developed  flame  retardant 
jelly,  we  designed  optical  cables  and  succeeded  In 
developing  a  flame  retardant  halogen-free  jelly- 
filled  non-metallic  optical  cable  which  satisfies 
the  IEEE  std.  383. 

1,  Introduction 

The  optical  communication  system  using  optical 
cables  has  been  constructed  for  practical  use  not 
only  in  the  public  communication  field,  but  also  in 
the  LAN  and  industrial  fields. 

Since  optical  fiber  is  composed  of  glass,  that 
is,  non-metallic  material,  it  has  non-inductive 
characteristics.  Non-metallic  optical  cables  aim 
to  make  maximum  use  of  this  non-inductivity.  In 
such  a  cable,  however  jelly  is  generally  filled 
into  the  cable  to  improve  the  waterproof 
characteristics  while  there  is  an  intensifying 
demand  for  higher  flame  retardancy  mainly  due  to 
the  expanding  range  of  application. 

Such  a  non-metallic  jelly-filled  optical  cable 
employs  polyethylene  sheath  and  has  no  flame 
resistant  metal  layer.  In  addition,  the  jelly 
material  generally  accelerates  cable  firing.  Jelly 
has  been  a  major  obstacle  to  improve  the  flame 
retardancy  of  non-metallic  optical  cables. 

For  this  reason,  we  have  developed  a  flame 
retardant  halogen-free  having  improved  oxygen  index 
compared  with  conventional  jelly  while  it  retains 
the  same  level  softness. 

By  combining  this  flame  retardant  jelly  with 
flame  retardant  slotted  core  and  a  sheath  material, 


composed  of  polyethylene  we  designed  and  fabricated 
a  non-metallic  optical  cable,  and  It  was  proved 
that  not  only  its  flame  retardancy  satisfies  the 
IEEE  std.  383,  but  also  Its  transmission,  physical, 
temperature  and  waterproof  characteristics  are 
satisfactory  for  practical  use. 

2.  Characteristics  of  flame  retardant  Jelly 
compound 

Table  1  lists  the  characteristics  of  the  newly 
developed  flame  retardant  jelly  compound.  And  Fig. 
1  shows  the  temperature  dependency  of  jelly  cone 
penetration  which  has  a  close  relationship  with 
that  of  transmission  characteristics  of  optical 
fiber,  together  with  the  conventional  jelly 
compound  usually  employed  for  optical  fiber  or  for 
ribbon  fiber.  As  is  obvious  from  the  Table  1  and 
Fig.  1,  this  flame  retardant  jelly  compound 
succeeds  all  the  characteristics  of  the 
conventional  jelly  compound  with  only  enhancement 
made  in  its  flame  retardation,  namely  oxygen  index. 

Therefore,  it  can  be  thought  that  the  enhanced 
flame  retardation  of  jelly  compound  hardly  affects 
the  characteristics  of  c-.tical  fiber  cable. 


Fig.  1  Relationship  between  cone  penetration 
and  temperature  of  both  jelly 
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Tibfe  1  Characteristics  of  jelly  compounds 
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3.  Compatibility  of  the  flac*  retardant  lolly 
compound  with  costing  materials  of  optical 
f  I  bar 

Compatibility  was  evaluated  between  this  flame 
retardant  jelly  compound  and  UV  (Ultra-Violet) 
curable  resins  as  fiber  coating  materials.  Optical 
fiber  coating  materials  were  dipped  in  the  flame 
retardant  jelly  compound  kept  at  a  high  temperature 
to  test  change  in  weight,  tensile  strength  and 
elongation  with  time.  Each  result  of  these  tests 
is  shown  in  Figs.  2,  3  and  4.  In  each  test,  a 
significant  change  due  to  tills  flame  retardant 
jelly  compound  was  not  found.  Hence,  it  has  been 
confirmed  that  this  jelly  compound  does  not 
adversely  affect  the  optical  fiber  coating 
materials. 

4.  Flame-retardant  characteristics  for  various 
optical  cable  constructions 

In  order  to  verify  the  effectiveness  of  the 
newly  developed  flame  retardant  jelly  compound,  the 
flame  retardant  characteristics  were  evaluated 
using  various  cable  materials  with  different  oxygen 
indexes. 

The  cable  construction  used  for  evaluation 
came  in  two  kinds  with  a  difference  in  outside 
diameter  as  shown  in  Figs.  5  and  6.  Each  cable  is 
constructed  by  accommodating  2-fiber  ribbon  in  the 
SZ  slot,  and  has  48  and  128  optical  fibers  at 
maximum,  respectively.  Of  the  structure  shown  in 
Fig.  5,  3  kinds  of  cables  were  manufactured  by 
using  materials  having  different  oxygen  indexes, 
and  of  the  structure  shown  in  Fig.  6,  only  one  kind 
of  cable,  which  consists  primarily  of  flame 
retardant  materials,  was  manufactured,  as  listed  in 
Table  2.  These  4  kinds  of  cables  underwent  a 
vertical  tray  flame  test  stipulated  in  IEEE 
standard  383.  Fig.  7(a)  through(d)  show  the  state 
of  combustion  of  each  sample  at  0  to  20  minutes 
after  start  of  vertical  tray  flame  test.  In 
consequence,  the  sample  2,  which  used  a  non-flame 
retardant  jelly  compound  with  other  constituents 
given  flame  retarding  property,  burned  over  a 
length  of  140  to  150  cm.  Although  this  satisfied 
the  test  standard,  flame  rose  up  to  180  cm  or  more 
near  the  end  of  the  test.  So  we  conclude  that  the 
application  of  flame  retardant  jelly  compound  is 
essential  for  design  of  such  cables  in 
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Fig.  2  Weight  change  of  UV  curable  resins 
immersed  in  both  jelly 
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Fig.  3  Tensile  modulus  change  of  UV  curable 
resins  immersed  in  both  jelly 
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Fig.  4  Elongation  change  of  UV  curable  resins 
immersed  in  both  jelly 
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consideration  of  safety  factor. 

On  the  other  hand,  it  was  confirmed  that  the 
optical  cable  samples  1  and  4,  whose  slot,  jelly 
and  polyethylene  (PE)  sheath  were  all  composed  of 
flame  retardant  materials,  burned  within  only  about 
70  cm  and  75  cm,  respectively,  both  proving  an 
excellent  flame  retardant  characteristics. 
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Fig.  5  Structure  of  48-fiber  non-metallic 
optical  cable 
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Fig.  6  Structure  of  128-fiber  non-metallic 
optical  cable 


Table  2  Oxygen  index  values 


Item 

|  Ctblt  In  ft? 

.  S 

Coble  In  Fig.  6 

Suple  No. 

i 

2 

3 

4 

FRP 

25 

25 

25 

25 

Strength  Menber 

(Non-FR) 

(Non-fR) 

(Non-fR) 

(Non-fR) 

Polyethylene 

29 

29 

19 

29 

Slotted  Coro 

(fRl 

(fR) 

(Non-rR) 

(fR) 

Jelly 

39 

IT 

17 

39 

Compound 

(fR) 

(Non-fR) 

(Non-rR) 

(fR) 

Polyethylene 

3) 

33 

33 

33 

Sheith 

(fR) 

(fR) 

(fR) 

(fR) 

Vortlcil  Triy  Flint 
Toit  Remit 

Pm 

Pm 

foil 

Pill 

5.  Characteristics  of  flame  retardant  non 
metallic  optical  cable 


Cable  characteristics  were  evaluated  on  the 
optical  cable  whose  slot  and  PE  sheath  as  well  as 
the  jelly  compound  were  made  of  flame  retardant 
materials  and  has  a  sectional  construction  as  shown 
in  Fig.  5. 


5.1  Temperature  Characteristics 

Temperature  dependence  of  optical  loss 
characteristics  was  evaluated  within  a  temperature 
range  of  -40  to  70°C.  As  a  result,  loss  variation 
was  0.05  dB/km  or  less  at  1.55  pm.  That  is, 
characteristic  deterioration  was  not  detected  at 
all  due  to  the  use  of  flame  retardant  jelly 
compound. 

5.2  Physical  properties 

Assuming  a  variety  of  external  factors  to  be 
applied  at  the  time  of  cabling  and  after  it, 
tension,  compression,  bending  ar.d  Impact  tests  were 
carried  out  for  the  purpose  of  evaluating  the 
optical  loss  variation  at  1.55  pm.  In  addition,  a 
waterproof  test  in  conformity  with  IEC794-1-F5  and 
a  compound  flow  test  according  to  REA-PE90  were 
performed.  The  result  of  these  tests  is  summarized 
in  Table  3. 

There  was  no  problem  on  mechanical  nor 
waterproof  property.  It  was  proven  that  jelly 
won't  flow  out  during  cable  handling  at  a  high 
temperature. 


Table  3  Result  of  temperature  characteristics 
and  physical  properties 


Item 

Chiricterlulcs 

Teavertture  CNorocter'itlci 

•we  •  rwc 

ton  Virlttlcn 

•0.05  dl/L> 

it  1.55  v* 

Niter  Proofneit  (ICC  794-|-f5) 

No  penelrttlon 

Cospound  Flow  (RCA  Pt-90) 

No  drip  ifter 

24  Noun  70*C 

Kethtnlce) 

tending 

(Kindrel  :  309  m|) 

No  Ion  Incrent 
4t  1.55 

Tenilon  (290  Igf,  0.4  S 
elongillon) 

Cruih 

(400  igf/109  m) 

Torsion 

(1  a.  i  SCO*/*,  5  cycle!) 

6.  Conclusion 


It  was  proved  that  the  non-metallic  jelly- 
filled  optical  cable,  designed  as  a  combination  of 
the  newly  developed  flame  retardant  jelly  and  flame 
retardant  slotted  core  and  a  sheaths  material  can 
satisfy  the  vertical  tray  flame  test  in  accordance 
with  the  IEEE  std.  383.  It  was  also  proved  that 
its  transmission  characteristics,  physical 
characteristics,  temperature  characteristics  and 
waterproof  characteristics  are  satisfactory  for 
practical  use. 
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(a)  Sample  1 


(b)  Sample  2 

Fig.  7-1  Results  of  Vertical  Tray  Flame  Test 
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(c)  Sample  3 


(d)  Sample  4 

Fig.  7-2  Results  of  Vertical  Tray  Flame  Test 
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The  1990  National  Electrical  Code  •  Its  Impact  on  the  Communications  Industry 

By 
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AT&T  Bell  Laboratories 
Noreross,  Georgia  30071 


abstract 


The  1990  National  Electrical  Code  hit  seven)  new  provisions  which 
wilt  impact  the  communication*  industry,  the  most  Important 
change  is  the  requirement  that  alt  communications  equipment  in  a 
building  be  listed  as  being  safe  to  use.  This  requirement  applies  to 
all  equipment  electrically  connected  to  a  telecommunications  network 
iiKiwing  iclepMorKi,  conr.cc.oc;,  rBrt's,  yaixhc;,  inodems  sad 
computers.  The  most  important  change  impacting  the  wire  and  cable 
industry  is  the  establishment  of  a  new  category  of  cables, 
multipurpose  cables.  These  cables  will  be  available  in  plenum  (Type 
MIT),  riser  (Type  MPR)  and  general  purpose  versions  (Type  MP) 
and  will  be  suitable  for  communications,  data  (Class  2),  remote 
control  (Class  3)  and  hie  alarm  use. 


INTRODUCTION 

The  National  Electrical  Code*  Is  issued  by  the  National  Ftre 
Protection  Association  (NFPA)  and  Is  revised  every  three  years. 
Work  on  the  1990  edition  of  the  Code  has  been  completed. 
Substantial  changes  have  been  made  that  wiU  affect  the 
communications  Industry. 

This  paper  dealt  with  the  changes  in  the  Code  relating  to 
communications,  data,  signaling,  fire  alarm  and  cable  TV  circuits  and 
cables,  as  well  at  optical  fiber  cables.  A  list  of  the  articles  that  deal 
with  these  topics  is  given  in  Table  !.  Panel  16  of  the  National 
Electrical  Code  Committee  Is  responsible  for  these  articles. 


TAtlLE  I 

NATIONAL  ELECTRICAL  CODE 

LIMITED  ENERGY  ARTICLES 

Article 

Title 

Typical 

Applications 

723 

Class  1,  Class  2,  Class  3  Remote 
Control.  Signaling  and  Power 
Limited  Circuits 

Data  Transmission 
Industrial  Controls 
Door  Uelts 

760 

fire-Protectivc  Signaling  Systems 

fire  Alarm 

770 

Optical  fiber  Cables 

Local  Area 
Networks 

800 

Communications  Circuits 

Telephone 

820 

Community  Antenna  Television 
and  Radio  Distribution 

Systems 

Cable  TV 

Two  trends,  begun  in  earlier  Code  revisions  continue.  One  iv  the 
Increased  regulation  of  telephone  equipment  in  recognition  of  the 
revised  status  of  the  industry  as  a  more  competitive,  less  monolithic 
Industry.  The  moss  important  change  Is  that  all  equipment  used  in  a 
telephone  system  must  be  listed.  The  other  trend  is  the  establishment 
and  refinement  of  the  hierarchy  of  permitted  cable  substitutions  and 
the  creation  of  a  new  class  of  cable  *  multipurpose  cable. 


LISTING  Or  EQUIPMENT 

The  requirement  In  the  1990  NEC  which  moat  greatly  Impact*  the 
communications  Industry  is  that  all  telephone  equipment  must  be 
listed.  This  requirement  applies  to  telephones,  key  telephone 
systems,  PBX's,  switches,  transmission  equipment  such  as  Subscriber 
loop  carrier  terminals,  splice  connectors,  cross  connect  terminals, 
modems,  computers,  and  any  other  equipment  electrically  connected 
It)  a  telephone  network  except  for  telephone  company  equipment  in  a 
centra)  office. 

The  exact  wording  of  the  new  requirement  is  as  fallows: 

*00-5 1(1).  Equipment.  Equipment  intended  to  be  electrically 
connected  to  a  telecommunications  network  shall  be  listed  for  the 
purpose. 

tbTN):f  One  way  of  determining  applicable  requirements  is  to  refer 
to  "Standard  for  Telephone  Equipment,"  UL  1459,  December  IS, 
1987, 

Exception,  "This  listing  requirement  shall  not  apply  to  reinstalled 
telephone  equipment  manufactured  before  January  1,  1990," 

In  order  to  appreciate  die  wide  impact  of  this  requirement,  consider 
the  definition  of  the  word  equipment: 

Equipment:  A  general  term  including  material,  fittings,  devices, 
appliances,  fixtures,  apparatus,  and  the  like  used  as  a  pan  of,  or  In 
connection  with,  an  electrical  installation. 

Under  the  1987  Code,  only  cable  and  protectors  had  to  be  listed. 
Considering  the  definition  of  equipment,  it  is  dear  that  everything 
else  In  the  circuit  path  has  to  be  luted.  Splice  eases  do  not  need  to 
be  listed  because  they  are  not  electrically  connected  to  a 
communications  circuit. 

Tlie  wonls  "listed  for  the  purpose"  arc  a  very  important  pan  of  the 
requirement.  Panel  16  considered  a  public  comment  to  reduce  these 
words  to  just  "listed".  The  panel  rejected  this  suggestion  because  it 


t  *FPN“  Is  an  abbreviation  for  "fine  Print  Note."  These  notes  arc 
informative,  but  they  are  not  a  pan  of  the  Code  that  is  legally 
enforceable. 
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it  nccouty  for  the  equipment  to  be  jultabla  for  communication!  anJ 
not  tome  other  uk.  The  impact  of  thus  requirement  on  equipment 
lined  for  purpose*  other  than  communications,  such  «  computers,  it 
that  the  listing  requirements  that  deal  wish  connections  10  a  telephone 
system  will  have  to  be  harmonised  with  the  listing  requirements  for 
telephone  equipment. 

Since  any  listing  requirement  for  equipment  obviously  cannot  be 
retroactive,  an  exception  was  added  foe  telephone  equipment 
manufactured  before  January  1, 1990.  This  exception  was  adopted  to 
accommodate  the  tens  of  millions  of  teased  telephones  in  use.  These 
telephones  can  be  installed  and  reinstalled  many  time*  during  their 
lifetime.  Note  that  the  exception  applies  only  to  telephone  equipment 
and  not  to  other  equipment  such  at  computers,  A  tentative  interim 
amendment  ha*  been  submitted  to  NFTA  to  have  this  exception 
broadened  to  include  all  equipment  connected  to  a 
telecommunication*  network.  Action  on  ‘hit  amendment  should  bo 
completed  by  October  19*9. 

To  complete  our  discussion  of  die  listing  of  equipment  kt  u*  review 
the  scope  of  du  NEC.  It  states: 

90-2.  Scope. 

(a)  C»v*r*d.  Thi*  Code  covers: 

(I)  IntuUarion*  of  ekettie  conductors  and  equipment  within  or  on 
pobiie  and  private  buildings  or  other  structure*.  Including  mobile 
homes,  recreational  vchkks.  and  Hooting  buildings:  and  other 
premise*  such  as  yards,  carnival,  parking  and  other  lots,  and 
industrial  substations. 

It  also  states: 

(b)  Not  Covered.  This  Code  does  not  cover: 

(*)  Installations  of  communication  equipment  under  the  exclusive 
control  of  communication  utilities,  located  outdoors  or  in  building 
Space*  used  exclusively  for  such  Installation*. 

Central  office  equipment  installed  in  a  telephone  company  central 
office  does  not  have  to  be  listed  but  die  same  equipment  installed  as 
part  of  a  private  network  must  be  listed.  Hence,  manufacturers  of 
^witching  and  transmission  equipment  that  is  sold  Into  the  private 
network  market  wall  have  to  list  their  equipment.  Likewise  cuts  hie 
plant  equipment  such  as  subscriber  loop  c wrier  terminals,  which  are 
sometimes  insulted  In  buildings,  will  have  to  be  listed. 

CABLE  SUBSTITUTIONS 

There  Is  a  great  deal  of  similarity  between  the  cabkr.  used  for 
communications,  dau  (Class  2),  conuols  (Class  ?),  cable  TV,  and  Ere 
alarm  circuits.  Under  the  provisions  of  the  19S4  and  earlier  Codes, 
cables  listed  for  Class  3  circuits  (150V  maximum)  could  substitute 
for  cables  used  for  Oats  2  circuits  (30V  maximum,  most 
applications).  Power-limited  fire-protective  signaling  (fire  alarm) 
cables  were  listed  for  use « '*11 300V  power-limited  fire  alarm  circuits 
but  these  cables  wet  aiued  to  substitute  for  Class  3  cables. 

In  order  to  accow  ^isiituiion,  a  manufacturer  had  to  get  a 
dual  listing,  both  '  „  j  and  power-limited  fire-protective  signaling. 
Likewise,  if  a  manufacturer  had  a  coaxial  cable  used  for  data 
transmission  and  cable  TV  it  would  have  to  be  listed  foe  Class  2  (or 
Class  3)  and  CATV  use. 

Tire  1987  Code  introduced  some  very  substantial  changes.  It 
required,  for  the  first  time,  that  communications  cables  be  listed,  and 
it  also  established  a  fire  resistance  hierarchy.  The  I9S7  Code  also 
permitted  limited  substitutions  of  cable.  The  listing  requirements  for 
Class  3  cables  arc: 

725-40(b)  (2)  Cables  shall  be  listed  as  being  suitable  for  Class  3, 
power-limited  fire-protective  signaling  oe  communication  circuits. 

This  established  that  communications  cables  and  power-limited  fire* 
protective  signaling  cables  of  equal  oe  greater  fire  rating  could 
substitute  for  Class  3  and  Class  2  cables. 


The  substitution  of  communications  cables  and  Class  3  cabks  for 
power-limited  firc-protcctivc  signaling  cables  Is  more  complicated. 
Cabks  used  for  fire  alarm  circuit*  must  meet  the  requirement*  shown 
in  Table  II  below; 


TABLE  II 

AWG 

Minimum  Number  of  Conductor* 

16 

1 

19 

2 

22 

4 

24 

6 

Wire*  finer  than  24  AWG  arc  not  currently  permitted  and  the 
conductor*  have  to  be  solid  copper  or  buneh-tlnncd  stranded  copper. 
If  stranded  conductor*  are  used,  a  maximum  of  7  strt  nd*  I*  permitted 
for  16  or  ill  AWG,  finer  gauge*  must  be  *nlld. 

Communications  and  Class  3  cable*  that  meet  the  above  g.Mge  and 
stranding  requirement*  arc  permittC'.l  to  substitute  for  power-limited 
fire-protective  signaling  cable  of  equal  or  lower  fire  rating.  Section 
760-30(c)  states: 

Insulation.  Cable*  shall  be  listed  at  being  suitable  for  Ciass  3, 
power-limited  fire-protective  signaling,  oe  communication  circuit*. 

Even  though  Clan  3  circuits  arc  150V  maximum,  substitution  of 
these  cable*  for  power-limited  fire-protective  jignallttg  Cable*  wa* 
permitted  because  Underwriters  Labotatork*  requite*  Class  3  cable* 
to  have  a  300V  rating. 

Some  controversy  exist*  over  the  substitution  of  communication*  and 
Cla**  3  cable*  for  power-limited  fire-protective  signaling  cable* 
because  Section  760-30  require*  that  cabks  for  this  use  'shall  be 
listed  for  this  use"  and  an  exception  had  not  been  provided  for 
substitute  cabkx.  This  ambiguity  has  been  coerce  ted  in  the  1990 
Code. 

The  statu*  of  cable  substitutions  under  the  1987  Code  I*  shown  in 
Figure  I,  where  a  dashed  line  indicate*  conditional  substitution*,  i.c., 
gauge  and  stranding  requirement*  must  be  met  in  order  for  substitute* 
to  be  permitted. 


Figure  1.  Cable  substitutions  permitted  by  the  1987  Code:  CM  * 
communications.  CL2  »  class  2,  CL3  °  class  3.  FPL  *  power-limitcd 
fire-protective  signaling. 
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This  conditional  subttituuon  created  problems  foe  electrical  inspectors 
became  an  Inspector  would  have  to  check  the  gauge  and  number  of 
conductor*,  and  whether  a  cable  had  solid  or  inode*  conductors 
before  permitting  communication!  or  Clan  3  cables  to  be  used  in  a 
fire  alarm  application.  The  1990  Code  has  addressed  this  problem 
with  the  establishment  of  multipurpose  cables. 

The  requirements  for  multipurpose  cables  are  in  Article  800 
Communications  Circuits.  Section  *00-31(0  states: 

Multipurpose  (MP)  Cables.  Cables  that  meet  the  requirements  for 
Types  CMP,  CMR  and  CM  and  also  satisfy  the  requirements  of 
Sections  760-5 1  (»)  and  (b)  shall  be  permitted  to  be  listed  and  marked 
as  Types  MPP,  MPR  and  MP,  respectively. 

Sections  760-5 1(«)  and  (b)  contain  the  gauge  and  stranding 
requirements  foe  fire  alarm  use.  Most  solid  copper  communications 
cables  qualify  for  listing  as  multipurpose  cables.  The  permitted 
gauges  for  power-limited  fire-protective  signaling  circuit  applications 
has  been  ettended  in  the  1990  Code  to  permit  26  AWO  conductors 
with  a  minimum  of  1C  conductors  In  the  cable. 

In  Order  to  clarify  the  permitted  cable  substitutions,  a  substitution 
section  Is  Included  In  each  Article  dealing  with  limited  energy 
circuits  (see  Table  I),  and  a  substitution  diagram  (Pi jure  2)  is  also 
included.  In  addition  to  adding  imthinurptHtt  cable  pnwer.limii;,] 
tray  cable  (PLTQ,  a  type  of  Clans  3  cable.  Is  also  included. 


Figure  2.  Cable  substitutions  permitted  by  die  1990  Code. 


NONCONDUCTIVF,  CONDUCTIVE 


Figure  3.  Permitted  substitutions  of  optical  fiber  cables. 


The  substitution  diagwn  for  optical  fiber  cables  is  shown  In  Figure  3. 
It  shows  that  none ond active  optica)  fiber  cables  may  substitute  for 
conductive  optical  fiber  cables  of  equal  or  tower  fire  rating.  No 
proposals  were  submitted  to  allow-  any  other  cable  to  substitute  foe 
cable  TV  cables,  hence,  cables  used  for  eablc  TV  as  well  as  other 
applications  will  require  dual  listing. 

The  1990  Code  established  voltage  ratings  of  300V  minimum  for 
Class  3,  communications  and  multipurpose  tables.  The  rationale  for 
a  300V  rating  on  Class  3  cables  was  use  with  300V  fire  alarm 
circuits;  this  same  rationale  also  applied  to  communications  and 
multipurpose  cables  with  the  additional  need  to  have  the  cable  safely 
handle  AC  ringing  voltages  superimposed  on  48V  DC. 

UNDKRCARPKT  CAULK 

Hie  1987  Code  required  the  listing  of  undercarpcl  cable  (800-3(c)]. 
It  did  not  establish  a  cable  type  such  as  CM  or  CMX  and  did  not 
suggest  what  the  fire-resistance  rating  should  be.  The  1990  Code  has 
established  Type  CMUC  undcrearpci  wire  and  cable  (Section  800- 
51(c))  and  suggested  (in  a  fine  print  note)  that  it  should  hare  the 
same  fire  rating  as  CMX  (VW-I). 

COMMUNICATIONS  M  IRKS 

The  1990  Code  distinguishes  between  wires  and  cables,  defining 
cables: 

Cable:  A  cable  Is  a  factory  assembly  of  two  oe  more  conductors 
having  an  overall  covering. 

And  defining  wires  at; 

M'lrt:  A  wire  It  a  factory  assembly  of  one  or  more  Insulated 
conductors  without  nn  overall  covering. 

These  definitions  recognise  that  a  Jacket  differeetiatet  a  cable  from  a 
wire  and  that  the  jacket  protects  the  cable  core.  The  listing 
requirements  for  communications  wire  arc: 

<00.51  (g)  Communications  Mires.  Communications  wires.  Such 
at  distributing  frame  wire  and  jumper  wire,  shall  be  listed  as  being 
resistant  to  the  spread  of  fire. 

(KPN):  One  method  of  defining  resistant  to  tire  spread  of  fire  it  that 
the  cables  do  not  spread  fire  to  the  top  of  the  uay  in  the  "Vertical- 
Tray  Flame  Test*  In  the  ‘Reference  Standard  for  Electrical  Wires, 
Cables  and  Flexible  Cords,"  ANSI/UL  1581  -  1985  (Rev.  March  6. 
1987). 

Another  method  of  defining  resistant  to  the  spread  of  fire  Is  for  the 
damage  (char  length)  not  to  exceed  15m  when  performing  tire  CSA 
‘Vertical  Flame  Test  -  Cables  In  Cable  Trays,"  as  described  In  "Test 
Methods  for  Electrical  Wires  and  Cables,"  CSA  Standard  C22.2  No. 
0-3-M,  1985. 


HYBRID  POWER  AND  COMMUNICATIONS  CABLES 

Tire  1990  Code  will  allow  the  construction  of  a  hybrid  power  and 
communications  cable  which  includes  a  listed  Type  NM  (nonmctallic 
sireathed  power  cable)  and  a  listed  Type  CM  (communications  cable). 
The  composite  cable  must  pass  the  fire  rest  for  CM  cable  (vertical 
tray  rest).  This  cable  will  be  permitted  to  be  installed  in  one-  and 
two-familv  dwellings. 

FIRE  TESTS 

The  1987  Code  suggests  (in  a  fine  print  note)  that  the  UL  Vertical 
Tray  Fire  Test  (IEEE  383)  be  used  for  listing  general  purpose  cables 
Types  CM.  CL2,  CL3.  FPL,  CATV’,  OFN  and  OFC.  The  1990  Code 
added  a  reference  to  die  Canadian  FT4  rest  as  an  alternate  test.  Tire 
Canadian  FT4  test  is  a  more  stringent  rest  than  the  U.  S.  test  With 
the  FT4  test  accepted  on  both  sides  of  tire  border,  a  manufacturer  can 
use  it  to  simultaneously  satisfy  U.  S.  and  Canadian  requirements. 
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The  19*7  Code  did  not  refer  to  the  UL  H&h  nw  cable  fire  test  for 
Type  CM*  and  other  rirer  cabkf  because  the  teat  siantVd  war  not 
published  when  the  19*7  Code  wm  written.  UL  1666  will  be 
referenced  in  die  1990  Code. 

TUB  »  FOOT  RULE  AND  OPTICAL  FINER  CARLK 

The  19*7  Code  require*  that  all  tommuntewfa*  able*  In  a  building 
be  liMed  but  k  exempted  JO  feet  of  outride  plant  tsble  entering  from 
ouuide  the  building.  This  exemption  haa  (u  rwta  in  Bell  System 
Practices.  Thla  JO  foot  rule  haa  been  extended  to  optical  fiber  cable. 

RISKR  APPLICATIONS 


MULTICONDUCTOR  NON-POWKRUMITED  FIRE* 
PROTECTIVE  SIGNAUNG  CAULK 

The  Code  recognUca  two  type*  of  fire  alarm  circuit*,  non-power* 
limited  fire-protective  signaling  cireuka,  and  power-limited  fire* 
protective  signaling  circuits.  The  power-limited  types  FPL)*.  FPLK 
and  FIT.  are  the  moat  familiar  because  they  are  in  the  substitution 
chan  discussed  earlier.  Power  wires  and  power  wiring  methods 
(conduit,  cable  trays,  esc.)  are  generally  used  for  noo-power-Umked 
fire  alum  circuits,  but  die  19*7  Code  does  provide  for  (Section  760- 
17)  a  multiconductor,  16  or  II  AWO,  cable  for  this  application.  The 
1990  Code  will  provide  for  a  plenum,  riser  and  general  purpose 
version  of  this  cable  with  the  following  cable  markings: 


The  19*7  Code  requires  riser  (or  plenum)  cable  to  be  used  where 
cables  are  ‘in  a  vertical  run  in  a  shaft*  In  modem  construction,  open 
shads  are  not  used.  Typically,  riser  cables  go  from  floor  to  floor 
through  a  aeries  of  floor  penetrations.  The  intent  of  the  Code  is  to 
treat  these  installations  as  shafts.  The  U')0  Code  clarifies  this  intent 
with  the  following  requirement: 

Riser.  Cobles  installed  in  vertical  runs  and  penetrating  more  than 
one  floor,  or  cables  installed  in  vertical  torts  in  a  shad  shall  be  Type 
CMR.  Floor  penetrations  requiring  Type  CMR  shall  contain  only 
cables  suitable  for  riser  or  plenum  use. 

This  new  requirement  clarifies  the  Intent  of  requiring  riser  or  better 
cable  when  taking  a  cable  through  multiple  floors  built  does  permit  a 
general  purpose  cable  (CM.  OFN)  to  go  through  one  floor  only.  The 
permitted  uses  of  general  purpose  (Ml*.  CM),  riser  (MPR,  CMR)  and 
plenum  cables  (MPP,  CMP)  are  illustrated  In  Figure  -t. 


Cable  Marking 
NPLFP 


Type 

Non-Power-Umltcd 
Rre-Protectivc 
Signaling  Circuit 
Plenum  Cable 


NPLFR  Non-Power-Umited 

Kre-Proteetivc 
Signaling  Circuit 
Riser  Cable 


NPLF  Noo-Powcr-Umltfd 

Rre-Protectivc 
Signaling  Circuit 
Cable 


LIMITATIONS  ON  CMX 

The  19*7  Code  permitted  CMX  cable  sued  as  D  Sutton  Wire,  (tasted 
to  VW*1,  the  lowest  level  of  fire  resistance)  to  be  used  In  any 
residence  including  high  rise  apsrtmtn',-  except  in  a  plenum  or  riser. 
In  the  1990  Code,  Type  CMX  cable  will  be  permitted  In  one*  and 
two-family  dwellings  anywhere  except  a  riser  or  a  plenum,  but  it  will 
not  be  permitted  in  multifamily  dwellings  except  in  exposed 
applications  such  as  supled  to  the  baseboard. 

COMBINF.D  DATA  AND  TK1.KFIIONK  CAULKS 

The  1987  Code  permits  Class  2  circuits  such  as  data  circuits  and 
Class  3  circuits  (signaling,  control)  to  be  run  In  a  cable  with 
communications  circuits.  In  such  a  case  the  cable  must  be  listed  a*  a 
communications  cable.  Sometimes  this  requirement  causes  problems 
for  cable  designers  who  want  to  use  roamed  Insulation  for  the  data 
circuits  because  the  foamed  Insulation  will  not  pass  the  Insulation 
crush  resistance  requirement  In  the  UL  standard  for  telephone  cable. 
Tlte  1990  Code  offers  relief  by  permitting  a  listed  Class  2  or  Class  3 
cable  to  be  combined  with  a  listed  communications  cable  with  a 
common  Jacket  joining  the  two  cables  into  a  composite  cable.  For 
example,  a  Type  CL2  and  a  Type  CM  cable  could  be  used  in  a 
composite  cable.  The  fire  resistance  rating  of  Uie  composite  cable  is 
determined  by  testing  the  composite. 

CAULK  TRAYS 

Article  725,  which  covers  Class  2  and  Class  3  circuits.  Including  data 
cables,  requires  that  power  limited  tray  cable  Type  PLTC  be  used 
wlicrc  cable  uays  are  used  (Section  725-i0(b)  exception).  Type 
PLTC  is  a  heavy-walled  cable  designed  for  cable  tray  use  in  outdoor 
applications  such  as  chemical  plants.  Ordinal  data  cable  (Type 
CL2)  may  not  be  installed  in  a  cable  tray.  The  1990  Code  will 
contain  two  new  sections  pertaining  to  cable  trays  for  optical  fiber, 
communications  and  multipurpose  cables. 

770-52  (d)  Cable  Trays.  Optical  fiber  cables  shall  be  permitted  to 
be  installed  in  cable  uays. 

800-52(d)  Cable  Trays.  Communications  cables  and  multipurpose 
cables  shall  be  permitted  to  be  installed  in  able  uays. 


Hie  cables  will  be  permitted  to  be  used  with  I JOV  non-power-limkcd 
Ilfc-protcctivc  signaling  circuits.  The  insulation  voltage  rating  is 
300V  so  these  cables  can  substitute  for  300V  power-limited  fire* 
protective  signaling  cables  and  the  voltage  rating  on  the  Insulation 
plus  Jacket  combination  is  600V  so  these  cables  can  be  run  In  a 
conduit  with  Class  I  circuit*  (600  V).  The  design  of  these  cables 
may  be  similar  to  16  or  18  AWG  cables  listed  for  communications 
Class  3  or  pow-cr. limited  fire -protective  signaling  use.  The 
establishment  of  a  non-powcr-lim!icd  plenum  able  is  *  significant 
cltange  since  one  has  to  be  concerned  with  shock  harard  when 
dealing  with  non-power-limited  circuits.  Tlte  expected  use  of  these 
caliles  is  to  connect  a  scries  of  annunciators  Good  speakers).  They 
will  not  be  energised  except  when  an  alarm  is  sounded,  so  these 
cables  are  slgnlfiantly  different  in  appliaiion  titan  other  non-power* 
limited  cables  such  as  Type  NM  (Rontcx). 

EDITORIAL  REVISIONS 

In  addition  to  lire  foregoing  changes  in  tho  five  articles  in  Table  I. 
tlicy  hare  been  revised  editorially.  The  objective  of  the  editorial 
revisions  was  to  make  these  articles  easier  to  use  and  understand. 
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PLENUM 


BASEMENT 


MPP,  CMP 
(NOT  IN  CONDUIT) 


MPR,  CMR 
(NOT  IN  CONDUIT) 

MPR,  CMR  (IN  CONDUIT 
ONLY  IN  PLENUM) 


MP.  CM 

(NOT  N  CONDUCT 
ANO  NOT  N  SAME 
PENETRATION  AS 
RISER  CABLES) 


OUTSIOE  PLANT 
CABLE 

(NOT  TO  EXCEED 
50  FEET) 


PROTECTOR 

(AS  CLOSE  AS  PRACTICABLE 
TO  CABLE  ENTRANCE) 


PLENUM 


MPP,  CMP 
(NOT  IN  CONDUIT) 


MPR, CMR 
(NOT  IN  CONDUIT) 


MPR,  CMR 

on  conouit- 

ONLY  IN  PLENUM) 


MP,  CM 

(NOT  M  CONDUIT 
AND  NOT  M  SAME 
PENETRATION  AS 
RISER  CABLES) 


Figure  4.  The  limitation  on  the  use  of  unlisted  outside  plant  cable  is  shown  in  the  lop  drawing.  The  uses  of  general  purpose  (MP,  CM),  riser 
(MPR,  CMR)  and  plenum  (MPP,  CMP)  cables  are  also  shown.  The  bottom  drawing  shows  that  general  purpose  cables  may  not  be  run  in  the  same 
floor  penetration  as  riser  and  plenum  cable. 
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DEVELOPMENT  OF  LOW  HALOGEN  AND  NON  HALOGEN  FIRE  RESISTANT  LOW  SMOKE  CABLE 
SHEATHING  COMPOUNDS  BASED  ON  FUNCTIONALIZED  POLVOLEFINS  PVC  BLENDS 

I.  K.  Sanghi  *,  A.S.  Uhattacharyya*,  n.  Mukhorjee  \  a.K.  Sen  *, 

P.P.  Da  +  an<i  Anil  K.  Bhewnick* 

♦Fort  Glonter  Industries  Ltd.*  (Cable  Division },  P.O.  Fort- 
Glestor,  Howrah  -  711  310,  India. 


♦Rubber  Technology  Centre,  t.I 
Abstract 

An  attempt  is  made  to  develop  a  novel  seri¬ 
es  of  cable  sheathing  compounds  with  varia¬ 
tion  in  chlorine  content  and  sufficient 
fire  retardance  and  unique  low  smoko  chara¬ 
cteristics.  Those  have  been  prepared  by 
binning  PVC  and  functionalised  polyolefins 
in  .afferent  compositions.  PE  and  EPDM  have 
been  functionalized  by  grafting  dibutyl 
maleate  (DBM)  using  DCP  as  initiator.  FRLS 
compounds  made  from  PVC  functionalized 
polyolefin  blends  possess  the  special  cha¬ 
racteristics  of  low  smoke,  low  acid  gas 
generation,  increased  fire  retardance  and 
improved  volume  resistivity,  which  are 
much  better  in  comparison  with  a  typical 
PVC  sheathing  compound.  Report  has  been 
made  also  on  Thermoplastic  Elontomor(TPE) 
based  non-halogen  FRLS  compound.  The 
mechanisms  for  grafting,  polymer-polymer 
and  polymer-filler  interactions  have 
been  presented. 


Introduction 

The  wide  spread  use  of  olcctric  cables  in 
a  largo  number  of  areas  often  cause  out 
breaks  of  fire  either  by  accidental  short 
circuit  condition  or  the  burning  of  some 
extraneous  matter  which  subsequently  igni¬ 
tes  the  cables.  So,  it  is  highly  desira¬ 
ble  to  have  a  sheathing  (protective  or 
jacketing)  compound  which  will  be  fire 
resistant  on  one  hand  and  will  have  reduc¬ 
ed  or  no  hazards  from  generation  of  3moko, 
toxic  and  corrosive  fumes. 

For  many  years,  many  halogen  containing 
polymers  have  been  used  as  the  base  mate¬ 
rial  for  fire  resistant  sheathing  compoun¬ 
ds  in  the  manufacture  of  electric  cables. 
Poly  (Vinyl  Chloride)  (PVC)  having  good 
flame  rcsistanccproporties  coupled  with 
other  desirable  properties  such  as  good 
mechanical  properties  and  easy  processing 
was  obvious  choice  for  cables  of  such 
applications  for  long  time.  However, 
recently  it  has  been  recognised  that  con¬ 
ventional  cable  sheathing  compounds  based 
on  PVC  can  present  serious  problems  in  the 
event  of  fire  duo  to  the  formation  of 
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largo  amount  of  donso  black  smoko  together 
with  acidic  and  toxic  fumes.  This  becomes 
a  serious  concern  particularly  when  a  lar¬ 
ge  number  of  people  gather  in  a  confined 
area  like  underground  railways,  hotels, 
exhibition  hallo,  ships,  factories  etc. 
Moreover,  the  formation  of  highly  acidic 
and  corrosive  fumes  can  damege  the  costly 
equipment  such  as  computers,  electronic 
systems,  telephone  cxchagcs  etc. 

Well  set  of  properties  such  as  electrical, 
mechanical,  weather  resistance  and  very 
low  smoke  generation  on  burning  possessed 
by  polyolefins  combined  with  fire  retarda- 
ncc  properties  of  PVC  are  oxpeeted  to  pro¬ 
vide  better  combination  of  properties  as 
cable  sheathing  compounds  having  signifi¬ 
cant  technological  importance.  But  as 
such  polyolefins  are  not  compatible  with 
PVC  and  blending  of  these  polymers  result 
in  poor  mechanical  properties. 

In  the  present  investigation,  efforts  are 
made  to  develop  a  set  of  compounds  for 
sheathing  applications  based  on  functiona¬ 
lized  polyolefins  -  PVC  blends  having 
sufficient  fire  retardance  and  low  smoke 
properties  retaining  all  other  properties 
same.  Attempts  have  also  been  made  to 
develop  non-halogen  FRLS  Thermoplastic 
Elastomer  compounds  based  on  functionaliz¬ 
ed  polyolefins. 

Experimental 

Materials:  Low  density  polyethylene (LDPE) 
(NESTE  Polyethylene  DFDS  -  4445  of  Neste 
Polyeten  AB,  Sweden)  of  density  0.915  g/cc 
and  MFI  2.0  g/10  min  (ASTM-D  1238),  Ethy¬ 
lene  propylene  1,4  hcxadienc  terpolymer 
(EPDM)  (Nordel  27G0  of  Du  Pont  USA),  Poly 
(Vinyl  Chloride)  (PVC)  (Indovin  of  IPCL, 
India)  of  K-valuc  65,  Acrylonitrile  buta¬ 
diene  copolymer  (NBR)  (Krynac  3450  of 
Polysar,  Canada)  were  used.  Dibutyl  male¬ 
ate  (DBM),  dicumyl  peroxide  (DCP)  and 
other  ingredients  were  of  standard  labora¬ 
tory  grade. 

Graft  modifications  and  blending  :  Graft¬ 
ing  of  dibutyl  maleate  (DBM)  on  PE  and 
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EPDM  wore  carried  out  in  Drabcndcr  Plasti- 
cordcr  (PLE  330}  using  a  cam  typo  nixing 
head  N  5011.  Different  blend  compositions 
wore  made  in  the  same  nixor.  All  the 
modified  blends  wero  characterised.  PVC 
used  always  In  stabilised  and  plasticised 
form  with  the  formulation  as  PVC-100,  Tri- 
basic  lead  sulphato  (TDLS)-G,  Calcium 
Stearate  (C.S.)-l,  Trioctyl  Trimellitate 
(TOTM)-50. 

Infrared  Spectroscopy  :  Infrared  spectro¬ 
scopy  was  carried  out  in  Shinadzu  XR-420 
using  thin  film  of  polymer.  Free  DBM  was 
removed  by  acetone  extraction  of  the  film. 

Differential  Scanning  Calorimetry  :  A 
Mottler  usc-20  of  TA-3000  system  was 
used.  Heating  rate  was  10°c/min. 

Tensile  properties  ;  Tensile  properties 
wore  studied  by  Zwick  UTM  (Model  1445) 
using  dumbbell  specimen  (ASTM  D  412-BO). 

Limiting  Oxygen  Index  (LOI)  s  LOI  of 
the  samples  were  determined  according 
to  ASTM-D  28G3-81  specification. 

Smoke  Density  Tent  :  The  specification 
b>2843-8i  and  NBS  Specification  ASTM-E- 
662-83  wero  followed  for  smoke  density 
measurement. 

HCl  gas  generation  test  :  Thi3  tost  was 
performed  according  to  the  specification 
IEC  754-1. 

Scanning  Electron  Microscopy  (SEM)  :  SEM 
was  carried  out  in  Hitachi  SUM  Model 
S145A.  Samples  wore  prepared  by  extrac¬ 
tion  with  cyclohcxanono. 

Volume  Resistivity  :  Volume  Resistivity 
was  measured  by  a  Hewlett  Packard  4329A 
High  resistance  meter. 

Results  and  Discussion 

Functionalization  of  Polyolefins  and  its 
characterization 

Doth  polyethylene  (PE)  and  ethylene  propy¬ 
lene  diene  terpolymer  (EPDM)  were  functio¬ 
nalized  by  grafting  dibutyl  maloate  (DBM) 
using  dicumyl  peroxide  (DCP)  as  initiator 
at  the  temperature  range  of  140°  to  220°C. 
Optimisation  of  the  reaction  conditions 
and  reactant  concentrations  wero  also 
done.  The  optimum  concentration  of  DBM 
is  10%  for  both  the  polymers.  This  result 
is  in  good  agreement  with  that  obtained 
by  Greco  et  al,  for  ethylene  propylene 
copolymer  (EPR)  .  The  optimised  concen¬ 
tration  of  DCP  is  0.2%  for  EPDM  and  0.5% 
for  PE.  Beyond  this  concentration  of  DCP 
crosslinking  of  the  respective  polymers 
take  place.  However,  the  time  and tempera¬ 


ture  for  graft  modification  reactions  arc 
same  (20  minutes  at  160°C). 

1R  spectra  of  starting  and  functionalized 
PE  and  EPDM  are  reported  in  Fig.  1.  Both 
functionalized  polymers  show  a  typically 
strong  absorption  band  at  1740  cm'*  associ¬ 
ated  with  stretching  absorption  of  C  ■  0 
in  the  ester  groups *of  the  attached  malca- 
te  units.  In  general,  the  resulting  degree 
of  functionalization  is  high  for  both  the 
polymers.  However,  a  higher  degree  of 
graft  modification  for  PE  is  obtained  due 
to  the  absenco  of  unsaturation,  high  chain 
mobility  and  less  stcric  hindrance  of  the 
more  reactive  tertiary  C-H  bonds.  This 
result  is  also  in  line  with  that  obtained 
by  Bonedgtti  et.al.  for  diethyl  maloate 
grafting2.  The  graft  modification  reac¬ 
tions  of  PE  and  EPDM  in  presence  of  DCP 
may  bo  visualised  in  Scheme  1  and  2  (Fig. 2). 

Blending  of  PVC  with  functionalized  PE  and 
EPDM. 

The  properties  of  the  blends  of  PVC  with 
PE  and  EPDM  are  given  in  Table  1.  PVC 
shows  a  tensile  strength  of  20  MPa.  But 
by  the  introduction  of  PE,  the  tensile 
strength  drops  gradually.  Similar  results 
are  obtained  for  EPDM  system.  The  elonga¬ 
tion  at  break  also  shows  similar  trend  in 
both  the  cases.  The  decrease  in  strength 
and  elongation  may  be  ascribed  to  the 
incompatibility  of  these  polymeric  systems. 
Me.  Grath  ct.al.  reported  the  incompatibi¬ 
lity  of  those  two  systems3.  The  SEM  photo¬ 
graphs  of  the  pure  polyolefins  and  PVC 
blends  after  cyclohexanone  extraction  arc 
shown  in  Fig. 3.  The  phase  (layer)scpara- 
tion  and  non-uniform  dispersion  of  the 
blends  arc  apparent  from  the  micrographs. 

As  expected  the  results  also  3how  the 
gradual  improvement  of  volume  resistivity 
and  HCl  gas  generation  for  the  blonds  over 
PVC.  However,  decrease  in  LOI  values  were 
observed  with  the  decrease  in  the  PVC  con¬ 
tent.  Smoke  density  tost  could  not  be 
precisely  done  due  to  the  excessive  smoke 
generation.  However,  both  LOI  and  Smoke 
generation  can  be  improved  by  the  addition 
of  flame  retardants  and  smoke  suppressants. 
But,  the  major  constrain  of  these  blend 
systems  for  its  application  in  the  cable 
manufacture  is  the  very  poor  mechanical 
properties.  The  mechanical  properties 
of  the  blends  could  be  enhanced  by  improv¬ 
ing  the  physical  or  chemical  compatibility. 
These  are  reported  for  various  polymer 
blends4'5'6.  In  order  to  compatibilizc 
PVC  with  PE  or  EPDM  we  have  functionalized 
PE  and  EPDM  by  graft  modifications  with 
DBM.  Various  properties  of  t  ,e  PVC- 
functionalized  polyolefin  blends  are  repo¬ 
rted  in  the  Table  2.  It  may  be  observed 
from  the  table  that  the  blends  containing 
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functionalised  PE  and  EPDM  result  in  con¬ 
siderable  improvement  in  tensile  proper¬ 
ties  over  pure  blends.  Other  properties 
remain  more  or  less  same.  This  improve¬ 
ment  in  tensile  properties  is  due  to  the 
inter  penetration  and  uniform  dispersion 
of  the  modified  blends  as  shown  in  Fig. 4. 
Better  compatibility  is  also  ovident  from 
the  lower  melting  temperature  and  melting 
endotherm  of  functionalised  PE  in  its 
blends  with  PVC  (similar  to  the  PE-EPDM 
blends')  as  indicated  in  DSC  traces (Fig. 5) . 

However*  the  mechanical  properties  repor¬ 
ted  in  the  Table  2  are  far  below  the 
industry  norms.  As  such  for  further  impr¬ 
ovement  the  blend  systems  were  modified 
with  tho  help  of  the  dynamic  crosslinking. 

In  a  few  cases  a  small  portion  of  Acrylo¬ 
nitrile  butadiene  rubber  (NBR)  was  also 
added  for  better  compatibility.  NBR  was 
selected  as  it  forms  compatible  blends 
with  PVC8. 

The  tensile  properties  of  a  few  optimised 
systems  are  given  in  Table  3.  These 
systems  aro  well  set  to  meet  tho  industry 
norms. 

It  is  observed  from  tho  Table  3  that  sig¬ 
nificant  improvement  in  tensile  proper¬ 
ties  has  been  achieved.  DBM  being  graft¬ 
ed  on  PE  and  EPDM  gives  rise  to  interac¬ 
tion  mainly  through  a  hydrogon  bond 
hetween  the  carbonyl  group  of  DBM  and 
methino  II  of  PVC.  Besides,  dipole  dipole 
interactions  of  the  typo  C  ■  O  ....  Cl-C 
may  also  exist.  This  kind  of  interaction 
has  been  evidenced  on  the  basis  of  pro¬ 
gressive  shift  towards  lower  frequencies 
and  broadening  of  tho  carbonyl  band  as  a 
function  of  PVC  concentration2.  The  NBR 
act  as  co-compatibilizer  and  increases 
the  adhesion  between  functionalized  poly- 
olcfins-PVC  interface  during  mixing  enabl¬ 
ing  further  improvement  in  dispersion. 
Finally  the  morphology  developed  during 
mixing  by  chemical  and  mechanical  compati- 
bilization  becomes  permanent  by  dynamic 
crosslinking  resulting  such  significant 
improvement  in  tensile  properties.  Tho 
compatibilization  between  the  polymers 
may  be  visualised  as  shown  in  Fig.  G. 

Preparation  of  fire  resistant  low  smoke 
(FRLS)  compounds  based  on  PVC-functiona- 
lized  polyolefis  blends'! 

As  pointed  out  that  the  blends  which  arc 
optimised  for  tensile  properties  do  not 
meet  the  fire  resistance  properties.  Thus 
FRLS  compounds  were  made  by  mixing  with 
some  common  fire  retarding  additives  such 
as  Aluminium  Trihydrato  (ATil),  Molybdenum 
trioxido  (Mo20.j1,  Antimony  trioxide  (Sb20j). 
As  a  smoke  suppressing  ingredient  Zinc 
Magnesium  sulfate  complex  was  also  used0. 


A  typical  formulation  is  given  in  Table  i. 

Bane  polymor/polymer  blends  studied  for 
FRLS  compound  are  given  in  Table  5. 

Properties  of  tho  FRLS  Compounds 
Mechanical  properties  j 

The  mechanical  properties  of  FRLS  compounds 
and  its  percentage  change  after  heat  air 
ageing  .st  100°C  for  7  days  are  given  in 
Table  6. 

It  is  observed  from  the  results  tabulated 
in  Table  G  that  mechanical  properties  of 
the  PVC  drop*  significantly  (21%  for  T.S. 
and  28%  for  E.B.%)  on  addition  of  ATII  and 
other  additives.  But  in  tho  case  of  blcnls 
containing  functionalized  polyolefins  there 
are  rather  a  little  improvement  in  tensile 
properties.  This  improvement  may  result 
from  tho  compatibilization  of  ATII  with 
polymer  systems.  The  compatibilization 
presumably  involves  tho  reaction  of  the 
pendent  ester  groups  with  the  hydroxyl 
groups  of  the  ATII.  The  interaction  between 
the  malcotc  moieties  and  ATII  -  hydroxyl 
groups  takes  the  form  of  ll-bonding  as  shown 
in  Fig.  7. 

It  is  also  to  be  noted  that  the  tensile 
strength  and  elongation  at  break  meet  the 
industry  norms  even  after  the  addition  of 
flame  retardants.  The  ageing  resistance 
properties  arc  also  satisfactory  and 
almost  same  for  all  t1'  ,  compounds. 


Fire  resistance,  Smoke  density  and  acid 
gas  generation  properties  ;  ™ 

The  Limiting  Oxygen  Index  (LOI)  values. 
Smoke  donisty  and  IIC1  gas  generation  for 
tho  different  compounds  are  given  in 
Table  7. 

The  results  of  Table  7  show  that  LOI  values 
of  all  the  PVC  PEgDBM  and  EPDMgDBM  blends 
are  higher  than  PVC  FJILS  compound.  The 
most  remarkable  impawn  j,s  observed 
for  the  compound  P  ,  e>  *  *  i.e.,  for  PVC- 
EPDMgDBM  blends.  r,  ,1,  LOI  decreases 

with  decrease  in  <  ■  (,  .on*  t  but  here  this 
improvement  in  flat.  >  rclt^dancy  occurs 
probably  through  tb-  enh  ,cea  interaction 
of  tho  malcato  grou^t  witu  the  flame  reta¬ 
rdant  additives  ATII,  if;.03  and  Mo203. 

The  rapid  propagation  of  a  fire  occurs 
through  the  formation  of  very  high  energy 
II'  and  OH'  radicals10.  The  malcate  groups 
may  also  act  as  the  scavenger  of  these 
radicals  and  suppress  the  propagation  of 
the  flame.  In  PVC  PEgDBM  blends  though 
PE  is  crosslinked,  crystallites  may  be 
molted  in  presence  of  high  heat  and  flame. 
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Thus  may  generate  fresh  surface  by  dripp¬ 
ing  for  flame  propagation.  But  for  PVC- 
EPDMgDBM  blends  there  is  no  such  possi¬ 
bility  of  dripping.  Probably  due  to  this 
reason  PVC-EPDMgDBM  blends  result  such 
improvement  in  flame  retardancy. 

It  is  also  observed  from  the  Table  7  that 
minimum  %  light  transmission  significantly 
increases  i.e,  smoke  generation  on  burning 
decreases  by  the  replacement  of  PVC  with 
functionalized  polyolefins.  These  com¬ 
pounds  were  also  tested  in  the  NBS-Smoke 
Chamber.  The  data  obtained  also  support 
the  above  result. 

It  is  very  interesting  to  note  from  the 
results  given  in  Table  7  that  acid  gas 
generation  significantly  decreases  with 
the  partial  replacement  of  PVC,  the  poten¬ 
tial  source  on  liberated  HCl.  The  decrea¬ 
se  is  above  501. 

Electrical  Properties  : 

Initial  volume  resistivity  of  the  compoun¬ 
ds  and  its  change  after  water  immersion 
are  plotted  in  Fig.  8.  It  is  obsorved 
that  initial  volume  resistivity  increases 
with  the  increase  in  proportion  of  func¬ 
tionalized  PE  and  EPDM  in  PVC  blends. 

This  is  due  to  the  non-polar  nature  of  the 
PE  and  SPDM.  The  volume  resistivity 
measured  after  immersion  of  the  compounds 
in  water  decreases  with  time  of  immersion 
duo  to  the  diffusion  of  water  into  the 
systems.  The  decreasing  trend  is  almost 
similar  for  all  the  blends. 

Thermoplastic  Elastomer  based  non-halogen 
FRLS  Compound 

One  Thermoplastic  Elastomer  (TPE)  based 
non-halogen  FRLS  compound  has  also  boon 
made.  TPE  has  been  prepared  by  dynamic 
vulcanization  of  PEgDBM  and  EPDHgDBM 
blends.  FRLS  compound  has  been  made  by 
mixing  special  fire  retardant  additives. 

The  properties  of  the  compounds  are  given 
in  Table  8. 

It  is  observed  from  the  Table  8  that  a 
good  combination  of  mechanical  properties, 
electrical  properties  and  fire  retardanco 
with  very  low  smoke  characteristics  have 
been  achieved  by  this  TPE  based  non  halogen 
FRLS  compound. 


2.  Precise  comparisons  among  all  the 
systems  with  respect  to  the  electrical, 
mechanical,  ageing  and  above  all  fire 
retardanco,  smoke  generation  and  acid 
gas  generation  properties  indicate 
superiority  of  the  compounds  made  from 
PVC  functionalized  polyolefins  blends. 

3.  P~--halogen  FRLS  compound  made  from 
Tnermoplastic  Elastomer  (TPE)  also 
possess  good  electrical,  mechanical, 
very  low  smoke  generation  and  suffici¬ 
ent  fire  retardanco  properties. 
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Conclusion 


1.  A  series  of  low  halogen  cable  sheath¬ 
ing  compounds  have  been  developed  by 
blending  PVC  and  functionalized  poly¬ 
olefins. 


International  Vlire  &  Cable  Symposium  Proceedings  1989  309 


TABLE  1 


Comparison  of  properties  between  PVC  and  PVC-polyolofins  blends 


Blend 

system 

T.S. 

(M?a) 

E.B. 

m 

Volume  Resis¬ 
tivity 
(Ohm-cm) 

LOl 

llcl  gas 
genera¬ 
tion  (%) 

PVC  -  100 

20 

250 

3x  1013 

25.5 

32.0 

PVC-85+PE-15 

5.5 

G2 

7x  1013 

24.8 

27.5 

PVC-7S+PE-25 

4 

48 

2x  1014 

24.5 

26.0 

PVC-85+EPDH-15 

5.9 

68 

7.5xl013 

24.8 

27.6 

PVC-7  5+EPDM-25 

5.1 

60 

2.4xl014 

24.5 

26.2 

Various  properties  of  the 

TABLE  2 

PVC  -  functionalized  poly-olefins  blends 

Blend 

system 

T.S. 

(MPa) 

E.B. 

<*> 

Volume  Resis¬ 
tivity 
(Ohm-cm) 

L  O  I 

Hcl  gas 
genera- 
tion{%) 

PVC-85+PEgDBM-15 

8.4 

93 

6.8xl013 

24.7 

24.2 

PVC-75+PEgDBM-25 

7.5 

88 

l.SxlO14 

24.5 

22.9 

PVC-85+EPDMgDBM-15 

9.8 

105 

7.6xl013 

24.8 

23.6 

PVC-7  5+EPDMgDBM-25 

9.1 

98 

2.6xl014 

24.4 

22.0 

TABLE  3 

Comparison  of  Tensile  Properties  for  different  blond 
prepared  by  dynamic  vulcanization  techniques 

systems 

T.S. (MPa) 

E.B. (%) 

PVC-85+XLPE-10+PEgDBM-5 

10.5 

107 

PVC-75+XLPE-20+PEgDBM-5 

9.8 

100 

PVC-85+XLPE-10+PEgDBM-5+NBR-2 

13.5 

135 

PVC-75+XLPE-20+PEgDBM-5+NBR-4 

12.2 

120 

PVC-85+XLEPDM-10+EPDMgDBM-5 

11.6 

125 

PVC-7  5+XLEPDM-20+EPDMgDBM-5 

11.0 

115 

PVC-85+XLEPDM-10+EPDMgDBM-5+NBR-2 

14.5 

150 

PVC-75+XLEPDM-20+EPDMgDBM-5+NBR-4 

13.8 

140 

XLPE  and  XLEPDM  are  crosslinkabie  PE  and  EPDM  containing  peroxide. 
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TABLE  -  4 


TABLE  -  5 


Formulation  of  FRLS  Compound 


Base  Polymer/Polymor  blends 

100 

'V 

PVC  -  100 

Molybdenum  Trioxidc(MO203) 

8 

bf 

PVC-85+XLPE-10+PEgDBM-5+NBR-2 

Antimony  Trioxidc(Sb203) 

6 

CF 

PVC-?5+XLPE-20+PEgDBM-5+NBR-4 

Aluminium  Trihydtato(ATII) 

45 

Df 

PVC-85+XLEPDM-10+EPDMgDBM-5+NBR-2 

Zinc  Magnesium  sulfate  complex 

2 

ef 

PVC-75+XLEPDM-20+EPDMgDBM-5+NDR-4 

Suffix  F  denotes  FRLS  compound  mado 
according  to  the  formulation  given  in 
Tablo  4. 


TABLE  -  6 

Mechanical  properties  of  different  FRLS  compounds 


FRLS 

Compounds 

T.S.(MPa) 

E.B.(l) 

Percentage  change 

on  ageing 

T.S. 

E.B.4 

Ap 

15.8 

180 

+  2.0 

-  3.5 

BF 

14.0 

150 

+  1.5 

-  3.0 

CF 

13.1 

143 

+  2.5 

-  4.0 

°F 

15.1 

160 

+  2.0 

-  3.0 

ef 

14.3 

153 

+  3.0 

-  4.5 

TABLE  -  7 

The  Limiting  Oxygen  Index  (LOI),  Smoke  Density  and  IIC1  gas  generation 
of  the  different  FRLS  Compounds 


Compound 

LOI 

Minimum 
l  light 
transmi¬ 
ssion 

Smoke 

Density 

(Dm) 

%  HC1 
generated 

AF 

33.0 

41.0 

388 

15.3 

Bp 

34.0 

50.5 

350 

7.5 

CF 

34.0 

58.4 

327 

6.8 

Dp 

35.0 

51.7 

348 

7.3 

ef 

36.5 

60.6 

317 

6.6 
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TRANS  Hill  AN  Ct 


Properties  of  TPS  based  non-halogen  FRLS  compound 


T.S.(MPa) 

E.O.  % 

Volume 

LOI 

Smoke 

Minimum  » 

Resistivity 
(Ohm- cm) 

Density 

(Dm) 

light  tran¬ 
smission 

8.4 

270 

8.2xl015 

30.3 

108 

81 

(000  ]000  2000  1100  1(00  1(00  1200  1000  100  (00  (00 

WAVE  NUMPER,  Cm’1 

Fif>  I  lntr«rt(  »p»ctr»  «t  UIPE,  (blPE-9-0»M,  [cl  EPOM  ,  Ml  EPOM -  01 H . 
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Fig.  2  Schematic  fapraaanlatian  a(  lha  grail  madilicalian  raactians.  Schama  t  (ar 
PE  and  Schama  J  lar  EPDH. 


(  a  )  (  b  ) 

Fig.  3  SEM  Photograph  of  PVC-PE  (75:25)  blends  (a)  phase (layer) 
separation  (b)  non-uniform  dispersion. 
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HEAT  FLOW  EXOTHERMAL 
10  mW 


OSC  t.oees  o»  PVC-PEg-DBM 
blends. 

OSC  traces  at  PVC-PE  blends. 


j  <  <  <  |  T'l  1  |  1  n  j  1  1  r"j  l  1  1  | 
*0  60  80  100  120  1*0 
TEMPERATURE, *C 

Fig.  5  DSC  traces  ol  PVC-PE  and  PVC-PEg- 
DBM  blends - 


_CH,~CH —  CH,  — CH, —  CH, —  CH  — CH,~ 

2  |  J 

HC - CH,  HC - CH, 

II  II 

BuO — C  C - OBu  BuO  — C  C-OBu 

I  II  II 

0  0  0  0 

I  PE-9-DBM  *. 

•  * 

H  Cl 

I  I 

~H,C  —  C - CH,— CH  — CH,  — C -  CHV~ 

I  I  1 

Cl  Cl 

PVC 

"Fig ■  6  Mechanism  el  compatibilization 

between  PE-9- DBM  ond  PVC  through 
H- bonding  and  dipole-dipole  interactions. 
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~  CHj-CH—  CHj— CHj~ 
HC -  CH2 

I  ! 

BuO —  C  C - OBu 


0  0 


(PE-g-DBMi 


OH 


AIH 


~CHj  —  CH — CHj — CHj « 
HC  - CHj 


BuO  —  C 

II 

0 


I  I 


C - OBu 

I 

0 


W7?WhJ7>y 


PE-g -DBM-A1H  system 


Fig.  7 


Schematic  representation  #1  H-kend  formation  between  the 
hydroxyl  group  el  ATH  and  maleate  group  et  PE-g-OBM. 


Fig.  8  Variation  ot  volume  resistivity  with  time  of  immersion 
in  water  of  different  FRLS  compounds. 
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ABSmCT 

In  this  study,  uc  measured  flash  and  ignition 
point*  of  vsriou*  electric  wire  and  cable  materials 
bated  on  ASTM  t)  1129.*  through  such  measurement, 
it  cane  to  be  known  that  the  temperature  of 
Material  itself  at  flaahlng  or  ignition  ia  affected 
Much  by  its  polymer  structure  and  exothermic  and 
endothermic  reaction*  ascribable  to  various 
additive*  and  doe*  not  necessarily  reflect  the 
flame  retardancy  of  the  material.  At  the  early 
stage  of  a  fire,  on  the  other  hand,  the  ambient 
temperature  plays  an  important  role  because  whether 
a  material  catches  fire  or  not  depends  on  the 
thermal  energy  supplied  to  it  from  it*  environs.  A 
Method  which  we  devised  allow*  to  easily  determine 
the  ambient  temperature  necessary  for  ignition  of 
Materials  using  the  same  apparatus  as  that  for  the 
A STM  method  with  a  slight  modification. 


IMTKODUCTIOS 

While  many  polymer  materials  such  as  rubber* 
and  plastics  arc  being  used  recently  in  almost 
everything  we  come  across  in  our  daily  life 
including  building  materials  and  home  electric 
appliances,  the  importance  of  nonflammability  of 
such  material*  is  getting  recognised  again  with 
serious  reflections  on  disastrous  fire*.  Materials 
for  electric  wires  and  cables  are  no  exception  on 
this  point,  and  many  flame  retardant  cables  have 
been  developed. 

It  goes  without  ^ying  chat  what  is  important 
at  discussing  ch*  problem  of  making  materials 
nonflammable  is  ...»  understand  the  manners  and 
underlying  mechanism*  of  combustion  of  rubbers, 
plastics  and  ocher  organic  materials.  Data  on 
combustion  characteristics,  flash  points  and 
ignition  points  of  such  materials,  especially,  are 
rather  insufficient. 2  In  addition,  combustion 
characteristics  of  materials  such  as  flash  point 
and  ignition  point  depend  much  on  environmental 
conditions,  and  test  methods  for  determining  such 
characteristics  constitute  a  very  important  factor 
for  assessing  the  problem. 3 

In  this  paper,  we  investigate  flash  and 
ignition  characteristics  of  several  materials  for 
electric  wires  and  cables,  using  an  apparatus  with 
some  own  features,  conforming  to  ASTM  D  1929  which 
is  generally  known  as  a  method  for  measuring  flash 
and  ignition  points  of  plastics.  Findings  of  some 


interest  obtained  in  the  investigation  are 
reported. 


Test  Method 

Specimens 

Samples  were  made  into  pellets  of  3-mm  cube, 
and  3  g  of  such  pellets  were  used  as  a  specimen  for 
each  test. 

Apparatus 

The  overall  configuration  of  the  test 
apparatus  is  shown  in  Fig.  1.  The  heating  furnace 
of  the  apparatus  has  a  heating  capacity  greater 
than  600’C/h.  The  sample  dish  is  furnished  with  a 
load  cell  of  S  g  in  weighitg  capacity  and  0.01  g  in 
sensitivity  allowing  to  ceaaure  changes  in  sample 
weight.  The  furnace  temperature  (near  the  sample 
dish),  sample  dish  temperature  and  xaople 
temperature  are  Measurable  with  thermocouples. 

Detail*  of  the  furnace  is  shown  in  Fig.  2. 
The  specimen  can  be  flashed  either  with  sparks  by 
the  platinum  electrode  near  the  sample  dish  (Fig. 
2A)  or  with  the  pilot  burner  on  r.'p  of  the  furnace 
conforming  to  ASTM  (Fig.  28). 

Measurement  Procedure 

Heating  TcTt  The  approximate  furnace 

Lcmperature  at  which  the  specimen  flashes  or 
ignites  is  determined  by  raising  the  furnace 
temperature  at  the  rate  of  300  or  600*C/h  while  the 
air  flows  in  the  furnace  at  a  flow  race  of  5  or  10 
fc/min.  The  air  flow  race  which  gives  lower 
furnace  temperature  for  ignition  in  the  heating 
test  is  used  in  the  constant  temperature  test  which 
follows. 

Constant  Temperature  Test  The  constant 
temperature  test  is  carried  out  as  follows; 

(1)  The  furnace  is  heated  to  a  temperature  I0*C 
below  the  temperature  obtained  in  the  hescing 
test,  while  the  furnace  is  fed  with  the  air 
(at  the  flow  rate  determined  in  the  heating 
test)  from  the  bottom  of  the  furnace. 

(2)  Setting  the  sample  in  the  furnace,  the  sample 
is  observed  whether  the  combustible  gas  from 
the  sample  catches  fire  or  not  under  the 
action  of  the  pilot  burner  (ASTM)  or  sparks. 
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OThcrmocouple 
(tor  Hash  and 
Ignition  point) 
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( 
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(tor  sample 
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V 

1 
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rrxentre"er 

ewcigtjt  ircftaiar 


feAir  gaa  seteetor 
c>Cpc'ra!*n  swdish 


ffStop  switch 
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Q  Pressure  gauge/  J 
&  Pressure  regulator/ 


:  Mired  gas  teedvaVe 

Fig.  I  Apparatus  (or  flash  and  ignition  point  measurement 


Piiet  burner 


(3)  If  (lathed,  the  test  it  repeated  a(ter 

lowering  the  (urnace  temperature  by  10*C.  II 
not  (lathed,  the  tett  it  repeated  alter 

railing  the  (urnace  temperature  by  10*C. 

(A)  The  (lath  point  it  obtained  at  the  taaple 
temperature  at  which  (lathing  occura  under  the 
lowett  (lathable  (urnace  temperature. 

(5)  The  ignition  point  it  obtained  at  the  taaple 
temperature  at  which  ignition  cecurt  without 
pilot  burner  or  sparks. 


FLASH  AND  ICNITION  POINTS  OF  WIRE  AND  CABLE 
MATERIALS 

Stmpl'-s 

Polyethylene  (PE),  polyvinylchloride  (PVC)  and 
rubber  which  are  being  used  generally  as  electric 


wire  and  cable  material!  were  used  at  samples. 
Such  samples  are  listed  in  Table  1. 


Table  1  Samples  (or  (lash  and  ignition  point 
measurement 


Cstegory 

Ssmple 

Symbol 

mmm 

Cross-linked  PE 

XLPE 

B 

FUme-reurdant  cross-linked 

;'E 

FR-XLPE 

Non-halogen  PE 

NH-PE 

!  ...  !  Soft  PVC  (DOP  50PHR) 

PVC-1 

emi-rigid  PVC  (DOP  AOPHR) 

PVC-2 

Ethylene-propylene  rubber 

EPR 

Chloroprenc  rubber 

CR-1 

Rubber 

Flame-retardant  chloroprene 
rubber 

CR-2 

Flame-retardant  Ilyparon 
rubber 

CSM 
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RESULTS 


Flash  and  Ignition  Points  by  ASTM  Hethod 
Heating  Test  (rr?n»ln»fy  Test) 

Effect*  of  Air  flow  and  Heating  Rata  Heating 
tests  ware  carried  out  at  different  sir  flow  rate* 
(5  and  10  ft/min)  and  heating  me*  (300  and 
600*C/h)  to  determine  the  approximate  furnace 
temperature  at  which  flashing  or  ignition  occur*  on 
each  (ample. 

The  retult*  of  the  heating  teat  (5  ft/min, 
600*C/h)  obtained  on  XLPE  are  ahoun  in  Tip..  3  aa  an 
example.  In  addition,  reaulta  on  representative 
material*  (XLPE,  FVC-1  and  F.PR)  are  auswarized  in 
Table  2.  Kate  that  the  flaah  point  and  ignition 
point  of  each  sample  in  Tabic  2  are  the  furnace 
temperature*  at  which  flashing  and  ignition, 
respectively,  occurred  on  the  sample. 

The  reaulta  given  in  Table  2  indicate  that  the 
furnace  temperature  at  which  flaahing  or  ignition 
occur*  is  lower  when  the  *ir  flow  rate  ia  lower. 
In  addition,  it  wa*  found  chat  neither  flashing  nor 
ignition  occur*  on  PVC-1  in  the  heating  teat.  It 
ia  estimated  that  the  nonflammability  of  PVC-1 
found  in  the  teat  come*  from  the  following  sequence 
of  events:  The  plasticizer,  a  combustible  additive 
in  PVC,  evaporate*  ac  relatively  low  temperature 
and  carbonixacion  of  the  polymer  progresses  as  the 
generation  of  hydrogen  chloride  gas  follows, 4 
reducing,  in  this  v„y,  the  release  of  combustible 
gas  near  its  intrinsic  ignition  point. 


Fig.  3  Heating  char:  of  XLFE 


Table  2  Furnace  temperatures  at  which  flashing  and  ignition  occurred  on 
some  representative  samples  in  the  heating  test 


Heating  rate 
CC/h) 

Flow  rate 
(ft/min) 

XLPE 

PVC-1 

EPR 

FU*h  pt- 

Ignition  pt. 

Flaah  pt. 

iingt.iiB.ta 

EDIlllia 

600 

5 

tM 

360 

No  flashing 

■ini: 

10 

380 

No  flashing 

No  ignition 

400 

403 

300 

5 

375 

370 

No  flashing 

No  ignition 

370 

383 

Constant  Temperature  Test  (Main  Teat) 

Following  the  heating  test  which  determined 
approximate  furnace  temperature  at  which  flashing 
and  ignition  occurs  on  each  sample,  the  constant 
temperature  test  was  carried  out  to  determine 
accurate  flaah  and  ignition  points  of  each  sample. 
An  example  of  temperature  chart  obtained  in  the 
constant  temperature  test  is  shown  in  Fig.  A,  and 
flash  points  and  ignition  points  of  each  sample 
determined  from  such  temperature  chart*  are  given 
in  Table  3. 

Polyethylene  Flash  points  and  ignition 
points  of  three  kinds  of  polyethylene  are  different 
among  them  reflecting  differences  in  their 
composition.  For  XLPE,  having  no  additive,  its 
flash  point  and  ignition  point  are  fairly  higher 
than  the  furnace  temperature,  while,  for  FR-XLPE, 
the  furnace  temperature  is  a  little  higher  than  its 
flash  and  ignition  points.  The  difference  between 
XLPE  and  FR-XLPE  may  come  from  the  endothermic 
reaction  of  halogonic  flame  retardant  contained  in 
FR-XLPE  and  a  rapid  exothermic  oxidation  which 
occurs  near  the  ignition  point  in  XLPE  containing 
no  additive.  Nil— PE  is  showing  characteristics  just 
between  those  of  FR-XLPE  and  XLPE  possibly  because 


the  dehydration  temperature  of  metal  hydroxides 
added  in  NH-PE  is  lower  than  the  acting  temperature 
of  the  hslogenic  flam*  retardant  added  in  FR-XLPE. 

Polyvinylchloride  The  flaah  and  igniticn 
points  of  both  PVC-1  and  PVC-2  are  relatively  low 
compared  with  those  of  other  materials.  This  may 
come  from  the  plasricixer  which  evaporates  at 
temperatures  relatively  lower  than  the  temperature 
at  which  combustible  gas  is  generated  by  pyrolysis 
in  these  polymers.  The  plasticizer,  which 
evaporated  gradually  in  the  heating  test  at 
temperatures  below  the  intrinsic  ignition  point  of 
the  material  due  to  the  slow  rate  of  temperature 
rise,  is  released  rapidly  in  the  constant 
temperature  test  where  the  furnace  temperature  is 
high  from  the  beginning,  possibly  affecting  the 
ignition.  Both  samples  have  flash  points  which  are 
comparable  with  the  furnace  temperature  and 
ignition  points  which  are  lower  chan  the  furnace 
temperature.  It  13  estimated  that  the  endothermic 
effects  associated  with  dehydrochlorination  in 
these  polymers  contribute  much  to  this  phenomenon 
in  addition  to  the  temperature  and  rate  at  which 
the  plasticizer  is  released  from  these  polymers. 
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1c  can  b«  laid  that  PVC  i*  a  material  of  which 
ftaih  and  ignition  point!  depend  noth  not  only  on 
teit  condition*  hut  alio  on  the  composition  of 
three  (aieoui  constituents,  i.e.,  evaporation  of 
plaiticiser,  releaie  of  hydrogen  chloride  gai  and 
generation  of  combustible  gai  by  pyrolyiii  of  the 
polymer*. 

Rubber  it  ii  rather  difficult  to  generally 
evaluate  rubber  becaute  of  it!  polyaer  structure 
which  depend*  nuch  on  the  kind.  EPR,  which,  a* 
XU*E,  doe*  not  contain  halogen*  in  the  polymer,  ha* 
flash  and  ignition  point*  cloie  to  thoie  of  XLPE, 
but  it*  furnace  temperature  i«  fairly  high  compared 
with  that  of  X1.FE.  It  can  be  eitiMated  that  the 


high  furnace  temperature  of  EPR  come*  from  the 
large  amount  of  inorganic  filler*  added  in  EPR. 
which  »ake*  the  ratio  of  combustible*  small  in  EPR. 
CR  and  CSH  have  polymer  itructure*  similar  to  that 
of  PVC,  but  their  flash  and  ignition  paint*  are 
higher  than  those  of  PVC  because  of  the  smaller 
amount  of  plasticixer*  in  them. 

What  peculiar  to  rubber*  in  their  combustion 
characteristic*  is  that  there  is  a  temperature  gap 
of  about  100'C  between  the  furnace  temperature  at 
which  flashing  and  ignition  occur  and  that  at  which 
neither  flashing  nor  ignition  occurs.  Plashing 
causing  a  fire  ball  occurred  between  these  furnace 
temperature*.  these  combustion  characteristic* 
come  from  the  effect*  of  plasticixer*,  like  those 
in  PVC  but  small  in  amount. 


Table  3  Ignition  and  flash  points  of  materials 


Ignition  point 

Flash  point  i 

Ignition  pt. 

CO 

Furnace  temp. 
CC) 

Flash  pt. 
CC) 

Furnace  temp. 
CO 

PE 

XLPE 

A27 

360 

A25 

360 

FR-XLPE 

383 

390 

375 

380 

NU-PE 

A57 

A3Q 

A5A 

A  30 

PVC 

PVC-1 

311 

350 

308 

300 

PVC-2 

29A 

370 

3A2 

330 

Rubber 

EPR 

A13 

A1 

A30 

AOO 

CR-1 

390 

Ah. 

325 

290 

CR-2 

A2A 

AAO 

A13 

370 

CSI1 

38A 

A60 

36A 

Ad 

Flash  Points  by  Spark  Method 

The  A  STM  method  using  a  pilot  burner  as  the 
flashing  source  resulted,  for  some  materials  (PVC-2 
and  EPR),  a  flash  point  which  was  higher  than  the 
ignition  point.  Flash  points  of  materials 
therefore  were  measured  using  a  flashing  source  of 
electric  sparks  near  the  sample  dish  to  examine  the 
effects  of  the  flashing  source  position  on 
flashabilicy  of  materials.  Results  are  shown  in 
Table  A  along  with  those  obtained  by  the  ASTM 
method. 


As  seen  in  Table  A,  flash  points  of  materials 
measured  with  a  flashing  source  inside  the  furnace 
are  clearly  different  from  Chose  measured  with  a 
flashing  source  outside  the  furnace. 

With  the  use  of  the  internal  flashing  source, 
the  furnace  temperatures  of  PE  lowered  by  10  to 
30*C  and  their  flash  points  lowered  by  about  20  to 
50*C  comparing  with  those  measured  with  the 
external  flashing  source. 
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For  PVC,  the  furnace  temperature  of  PVC-2  did 
not  change  much  but  its  flash  point  lowered  by  at 
much  a*  100'C,  while  thote  of  PVC-1  lowered  by 
about  3Q*C  for  both. 

For  rubber,  both  the  furnace  temperature  and 
the  flath  point  of  EPR  decreated.  For  CR-1  and 
CR-2,  their  furnace  temperature*  did  not  change, 
but  their  flath  point*  lowered.  For  CSX,  the 
furnace  temperature  lowered  by  40*C  but  itt  flath 
point  went  up  by  about  20*C. 

The  phenomenon  of  the  flathing  point  higher 
than  the  ignition  point  obterved  on  PVC-2  and  EPR 
in  the  ASTX  method  w*t  not  obterved  in  the  spark 
method  where  the  flath  point  w**  lower  than  the 
ignition  point  for  all  material*.  The  flath  point 
by  the  *park  method  wag  generally  lower  than  that 
by  the  ASTM  method  except  for  the  cate  of  CSX  for 
.<hlch  the  flath  point  by  spark  method  w*g  a 
little  higher  than  that  by  the  ASTX  method.  It 
should  be  noted,  however,  that  the  furnace 
temperature  at  flathing  tended  to  be  lower  by  the 
tpark  method. 


DISCUSSION 

Flath  and  ignition  point*  measured  by  the  ASTX 
method  having  a  flashing  source  outside  the  furnace 
and  flath  point*  measured  by  the  spark  method 
having  a  flathing  source  near  the  sample  dish 
inside  the  furnace  were  presented  in  the  previous 


section.  This  section  discusses  such  results 
including  tome  factors  such  as  test  condition* 
which  affect  rhe  combustion  characteristics  of 
materials. 

Effect*  of  Furnace  Temperature 

Figure  5  show*  temperature  chart*  obtained  in 
measuring  the  Ignition  point  of  PVC-2.  The  chare 
on  the  left  is  the  one  which  allowed  to  determine 
the  ignition  point  and  the  chart  on  the  right  is 
the  one  which  was  obtained  at  the  furnace 
temperature  lower  than  that  of  the  left  chert  by 
!0*C  resulting  no  ignition. 

In  the  furnace  of  360*C,  the  sample 
temperature  rote  as  a  function  of  the  time  without 
causing  an  ignition,  and  reached  about  A20*C  in  7 
minute*.  Ignition  occurred  finally  when  the 
furnace  temperature  was  raised  by  10*C  to  370*C, 
and  the  sample  temperature  (i.e.,  the  ignition 
point')  at  ignition  was  29&*C. 

This  sequence  of  event*  indicate  that  it  ia 
very  important,  in  discussing  the  combustion 
characteristic*  of  a  material,  to  consider  not  only 
the  characteristic  temperatures  of  the  material 
such  as  flath  and  ignition  points  but  also  the 
ambient  temperature  (which  is  the  furnace 
temperature  in  the  test)  at  which  the  material  it 
ignited. 


Table  A  Ignition  and  flath  points  of  materials 


Ignition  point 

Flash 

point 

_ _ ! 

Ignition  pt. 
CC) 

Furnace 
temp.  (*C) 

Spark 

method 

ASTM  method 

Flath  pt. 
(•Cl 

Furnace 
temp.  (*C) 

Flath  pt. 
CO 

■riWlMi 

XLPE 

427 

360 

* 

330 

425 

360 

PE 

FR-XLPE 

383 

390 

370 

375 

380 

NH-PE 

457 

430 

420 

454 

430 

PVC 

PVC-t 

311 

350 

277 

270 

308 

300 

PVC-2 

— BE— 

370 

240 

330 

342 

330 

EPR 

■EM 

410 

378 

390 

430 

400 

Rubber 

CR-1 

390 

400 

307 

290 

325 

290 

CR-2 

424 

440 

321 

370 

413 

370 

CSX 

384 

460 

380 

390 

364 

430 

Fig. 


Lelt:  Ignition  occurred  Right:  No  ignition  occurred 
5  Temperature  charts  obtained  in  measuring  the  ignition  point  of  PVC-2 


322  International  Wire  &  Cable  Symposium  Proceedings  1989 


Effects  of  the  Position  of  Flashing  Source 

The  (Tash  point  obtained  by  the  spark  method 
wan  generally  lower  then  that  obtained  by  the  A STM 
Method.  Thia  tendency  can  be  explained  at 
described  below. 

The  sample  in  the  furnace  ie  covered  near  lee 
surface  with  a  layer  of  a  mixture  of  saturated 
cOMbustible  gas  generated  by  pyrolysis  in  the 
saaple  and  the  air.  The  co«buscible  gas  in  the 
saturation  layer  diffuses  upward  fro*  its  top 
portion  carried  by  the  air  flowing  in  the  furnaee 
while  it  is  kept  replenished  through  pyrolysis  in 
the  saMple.  That  is,  a  diffusion  layer  is  existing 
on  top  of  the  saturation  layer,  and  the 
concentration  of  coabustible  gat  in  the  diffusion 
layer  can  be  getting  taaller  upward. 

At  shown  in  Pig.  6  therefore,  the  mixture  of 
COMbustible  gat  generated  by  pyrolysis  and  the  air 
is  existing  forming  layers  above  the  saaple 
surface.  The  concentration  of  coabustible  gat  in 
such  layers  can  be  the  greatest  in  the  layer 
closest  to  the  staple  surface  and  getting  lower  and 
lower  in  higher  layers. 

Assuming  that  the  coabustible  range  of  the 
mixture  of  coabustible  gas  and  the  air  is  defined 
by  Cl  and  C2,  the  pilot  burner  or  a  spark  would 
cause  flashing  if  the  mixture  around  the  flashing 
source  has  a  combustible  gas  cc.icentracion  falling 
within  its  coabustible  range,  and  the  surrounding 
layers  of  combustible  gas  will  burn  by  the  heat  of 
this  flashing.  The  coabustion  of  the  staple  after 
flashing  will  continue  if  the  pyrolytic  coabustible 
gat  generated  at  saaple  surface  by  the  heat 
associated  with  the  burning  balances  with  the  rate 
of  burning  of  the  coabustible  gas. 

If  the  furnace  temperature  is  lower  and  the 
heat  supplied  to  the  sample  is  inadequate,  the  rate 
of  generation  of  combustible  gas  by  pyrolysis  gets 
ssialler,  and  the  position  of  the  layer  of  mixture 
which  falls  within  the  coabustible  range  mentioned 
above  will  get  closer  to  the  sample  surface.  If 
the  furnace  temperature  is  much  lower,  the 
concentration  of  coabustible  gas  would  be  lower 
than  the  lower  combustible  limit  in  any  layer,  and 
no  flashing  would  occur. 


Dillusion  layer 


Combustible  range 


-Ca  Lower  combustible  limit 


Specimen^ 


^Saturation  layer. 

VFrWPHfi  y.p/ 


;Ci  Upper  combustible  limit 


Fig.  6  A  model  of  concentration  of 
combustible  gas  in  furnace 


It  can  bo  conjectured  that  the  flashing  by  the 
pilot  burner  requires  the  furnace  and  sample 
temperatures  higher  than  those  required  for 
flashing  by  sparks  because  the  combustible  gas  must 
be  generuted  at  a  rate  which  is  high  enough  to  cope 
with  the  dilution  which  occurs  in  the  course 
reaching  the  pilot  burner  for  the  layer  of  mixture 
to  be  within  the  coabustible  range  near  the  pilot 
burner  above  the  furnace. 

Halations  between  the  Furnace  Temperature  and  the 
Time  Required  for  ignition 

A  very  important  problem  in  considering  the 
early  stage  of  fires  is  the  ambient  temperature  at 
which  materials  would  be  ignited.  The  temperature 
of  a  material  itself  at  the  time  of  ignition  may 
not  necessarily  reflect  the  flame  retardancy  of  the 
material  accurately  because  it  depends  much  on  the 
molecular  structure  of  the  polymer  and  exothermic 
and  endothermic  reactions  ascribablc  to  various 
additives  contained  in  the  material.*'  5 

In  order  to  evaluate  the  flame  retardancy  of 
aaterials  with  the  eye  only  to  the  ambient 
temperature,  we  measured  the  time  required  before  a 
material  was  ignited  at  different  furnace 

temperatures  for  all  the  materials.  The 

measurement  indicated  for  all  materials  that  the 
time  required  for  Ignition  tends  to  get  shorter 
when  the  furnace  temperature  is  higher.  In 
addition,  plotting  the  furnace  temperature  (*C)  on 
the  abscissa  and  the  inverse  of  the  tiae  required 
for  ignition,  t  (sec)  revealed  that  the  relation 
between  thea  is  linear  for  all  materials  at  a  very 
high  correlation.  Such  relations  are  shown  in  Fig. 
7,  as  an  example,  for  the  case  of  polyethylene  . 
The  furnsce  temperature  at  point  obtained  by 
extending  such  a  relation  to  xcro  on  the  ordinate 
indicates  the  highest  furnace  temperature  at  which 
the  material  would  not  be  ignited,  and  such 
temperature  coincide  relatively  well  with  the 
result  obtained  by  the  ASTH  method. 


Fig.  7  Relations  between  furnsce  temperature  and 
time  required  for  ignition  (PE  ) 
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To  find  the  lowest  furnace  temperature  at 
which  a  material  la  ignited  by  the  ASTM  method,  it 
la  neceaaary  to  repeat  the  test  at  different 
furnace  temperatures  in  steps  of  10*C.  The  method 
described  above  allows  to  determine  the  ambient 
temperature  necessary  for  ignition  of  a  material 
only  by  making  measurements  at  three  or  more 
furnace  temperatures  in  steps  of  a  few  tens  of 
degrees  centigrade  and  extending  the  line  thus 
obtained.  In  addition,  the  temperatures  thus 
obtained  are  thought  to  be  reflecting  well  the 
flame  retardancy  of  materials  at  the  early  stage  of 
fires. 


Shin  Yoshlda 

Shows  Electric  Wire  & 
Cable  Co.,  Ltd. 

2-1-1  Odssakae,  Kawasaki, 
Japan 


CONCLUSION 


Flash  and  ignition  points  of  various  electric 
wire  and  cable  materials  were  measured  in 
accordance  with  the  method  apeelfied  in  ASTM.  It 
was  found  that  sample  temp>.;arures  vary  with  eaeh 
sample  because  they  are  affected  much  by  the 
molecular  structure  of  polymers  and  exothermic  and 
endothermic  reactions  ascribable  to  various 
additives.  It  was  found  in  addition,  that  the 
value  of  flash  point  is  susceptible  to  change 
affected  much  by  the  position  of  the  flashing 
source  and  differences  in  experimental  conditions. 
For  evaluation  of  flame  retardancy  of  materials  in 
the  early  stage  of  fires,  on  the  other  hand,  the 
ambient  temperature  becomes  a  very  important 
factor,  and  it  is  desirable  to  use  a  test  method 
which  is  not  affected  by  other  factora  to  the 
extent  possible.  For  the  purpose  of  evaluating  the 
ambient  temperature  at  which  a  material  would  be 
ignited,  a  basic  flame  retardancy  factor  of 
materials,  we  devised  a  method  which  allows  to 
easily  obtain  the  ambient  temperature  necessary  for 
ignition  of  materials  by  using  the  same  apparetus 
as  that  used  for  the  ASTM  method  with  a  anal l 
modification. 

It  is  desirable  that  such  method  be  developed 
to  a  systematic  test  method  for  evaluation  of  flame 
retardancy  of  materials  through  further 
examinations.  It  it  hoped  alto  that  the  method  can 
be  a  help  for  understanding  ignition  of  materials 
at  fire  and  for  developing  flame  retardant 
materials  for  various  applications. 
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ABSTRACT 


Fiber  Optic  Ground  wire*  fF.Q.G.W.)  have  been 
selected  by  Eleciricitc  de  France  (EOF)  to  install 
telecommunication  tlnW%  on  ultra  high  voltage 
overhead  power  lines  (225  and  *09  kV). 

A*  several  FOGW  links  has  been  and  will  be  In  the 
next  future  put  into  operation  In  the  French  power 
network,  the  possibility  of  FOGW  damage  had  to  be 
considered.  Therefore,  a  specific  reparation  process 
was  established,  based  on  the  development  of  a 
reliable  mid-span  joint  (MSI). 

The  MS3  can  be  used  at  any  point  between  adjacent 
towers.lt  has  the  same  mechanical  strength  as  the 
FOGW  most  commonly  used  in  the  French  power 
network  (UTS  :  IIS  kN).  The  present  design  of  MS3 
can  accommodate  4  or  6  fibers  jointed  by  low-loss 
fusion  splices. 

Prototype  mid-span  joints  have  undergone  extensive 
laboratory  and  field  tests.  The  MS3  has  been  used  on 
an  operating  m  kV  line  to  repair  the  FOGW 
damaged  In  October  I9SS  by  an  helicopter.  The 
reparation  was  successful  from  both  mechanical  and 
optical  point  of  view  :  the  low  optical  splice  losses 
made  It  possible  to  keep  loss  budget  practically 
unchanged. 


1  -  INTRODUCTION 

By  the  mld-80's,  the  French  national  power  utility 
Electrlclte  de  France  (EOF)  decided  to  Install  Fiber 
Optic  Ground  Wires  (FOGW)  on  all  new  400  kV 
overhead  transmission  lines  (the  highest  voltage  on 
EDF  transmission  network).  In  addition,  FOGW  would 
also  be  Installed  on  selected  new  225  kV  lines  and  400 
kV  or  225  kV  existing  lines.  A  comprehensive 
research  and  development  program  resulted  in  a 
family  of  FOGW  suited  for  the  different  climatic 
conditions  In  different  areas  of  France,  called  THYM 
cables  (I).  With  such  a  major  FOGW  installation 
program,  possible  failure  of  the  FOGW  had  to  be 
considered,  even  If  extetyive  laboratory  and  field 
tests  had  demonstrated  the  high  reliability  of  the 
THYM  FOGW  design  (2). 

The  development  of  a  Mid-Span  3oint  (MS3)  has  been 
seen  as  an  adeauate  answer  to  this  requirement,  both 
from  the  points  of  view  of  technical  performance  and 
of  reparation  cost  and  duration. 


This  paper  Is  aimed  at  presenting  the  design  and 
performances  of  a  new  MS3  $  It  also  gives  results  of 
extensive  laboratory  and  field  tests  which  have  been 
carried  on  by  EDF  and  Cibles  de  Lyon,  and  it  shows 
how  the  MS3  has  been  used  to  repair  an  operating  4 >30 
kV  overhead  Transmission  line  whose  FOGW  has  been 
damaged  by  an  helicopter. 


2  -  TYPES  OF  FOGW  USED  IN  THE  FRENCH 
NETWORK 


The  THYM  scries  of  FOGW  has  been  designed  with  a 
reinforced  structure  In  order  to  be  Installed  on  UHV 
overhead  lines  in  the  same  conditions  as  conventional 
AASCR  ground  wires.  Compared  to  well  know  |/2" 
FOGW.  the  THYM  cables  offer  higher  mechanical 
performance  and  reduced  electrical  resistance  (for 
higher  short  circuit  currents).  They  have  one  layer  of 
aluminium  alloy  wires  and  up  to  three  layers  of  steel 
wires.  TABLE  1  gives  the  main  parameters  and  Figure 
I  shows  a  cross  section  of  the  THYM  1 57. 


CABLE  TYPE 

jTHYN  157 

Noalnsl  section 

1 

1 

(vires)  &s2 

1 

I 

157. A 

Cable  dlaseter 

1 

1 

tea) 

1 

1 

19.2 

Noalnal  Ultiaate 

1 

I 

Tensile 

1 

1 

Stress  (UTS)  tklt) 

118 

Noalnal  electrical 

resistance  SlfU. a 

1 

0.22 

Weight  (kg/ka) 

1 

1 

0.88 

:cb 


23.0 


2-52 


TOYK  368 


368 


27.0 


382 


0.15, 


2.S  | 


Table  I 
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3.  MMH 

a.  Ntnnn  aimum 

i.  ALUM  HI  IM  ALLOY  1UK 
«-  HOH  MT ALL  1C  3TMHOTM  MMtA 
?.  MAIM 

a.  sums  com 


Figure  1 

C'oss  lection  of  THY.M  1J7 

2.1.  Mechanical  Parameters 

Because  of  Its  high  mechanical  strength,  the  THYM 
FOGW  does  not  require  a  reduced  tension  (or 
increased  sag)  when  installed  on  long  length  spans. 
Similarly,  safe  clearance  with  phase  conductors  Is 
obtained  without  any  Increase  of  suspension  height, 
even  under  extreme  conditions  (l.e.  20  mm  thick  ice 
sleeve  combined  with  an  average  wind  speed  of  60 
km/h). 

2.2.  Short  circuit  current  parameters 

For  a  maximum  temperature  Increase  of  I70*C  and 
a  time  of  application  of  0.75  second  the  maximum 
short  circuit  current  is  21  kA  for  a  THYM  268.  18.5 
kA  for  a  THYM  157  compared  with  II  kA  for  1/2 
inch  cable  using  a  single  layer  of  composite 
Aluminium  clad  steel  wires  (<*0  %  1ACS). 

To  Insure  a  good  reliability  of  fibers  the  maximum 
admissible  temperature  In  a  part  of  the  cable  during 
short  circuits  has  been  limited  to  the  conservative 
value  of  I70*C  well  below  the  point  where  fiber 
attenuation  starts  increasing. 

2.3.  Types  of  fibers 

Following  the  user's  needs  multimode  fibers  at  1 300 
nm  and  single  mode  fibers  at  1300  or  1550  nrn 
(dispersion  -  shifted  fibers)  can  be  used. 


For  export,  cables  with  a  similar  optical  core  but  using 
composite  ACS  wires  Instead  of  the  two  layers  steel 
and  aluminium  alloy  wires  have  been  produced. 

These  cables  have  been  tested  for  Qualification  and 
acceptance.  The  main  tests  arc  :  temperature 
variations,  breaking  strength,  alternate  flexing, 
elongation,  short  time  temperature  Increase  (short 
circuit)  and  corrosion. 

3  -  REQUIREMENTS  FOR  AND  DESIGN  OF  THE  MS3 

3.1.  Requirements  for  the  MS3 

The  main  functional  requirements  arc  the  following  : 

a)  to  he  fully  compatible  with  the  existing  THYM 
series  of  FOGW  Installed  on  the  EOF  network, 

b)  to  be  usable  at  any  point  between  adjacent  towers. 

c)  to  keep  unclungcd  the  mechanical  strength  of  the 
FOGW  link. 

d)  to  introduce  an  optical  attenuation  as  low  as 
possible. 

e)  to  be  easily  installed  by  normally  trained  people. 

f)  to  have  a  limited  diameter  so  as  to  allow  line 
maintenance  vchlculcs  to  pass  over  the  MS3  :  80  mm 
has  been  chooscn. 

3.2.  Design  of  the  MS3 

To  fullfill  reoulremcnt  a),  the  MS3  had  to  have  the 
same  UTS  as  the  THYM  FOGW  (I  IS  kN  for  THYM  1 57, 
which  Is  the  most  commonly  used  FOGW). 

MS3  protection  has  been  made  by  using  a  reduced  size 
splice  housing  associated  with  two  compression  clamps 
of  known  design  (used  since  many  years  for  clamping 
ground  wires  with  coaxial,  quads  or  optical  fibres). 
Figure  2  shows  the  MS3  design  with  on  both  sides  the 
compression  clamps  fixed  to  the  two  ends  of  FOGW. 


I .  Claupinj  slttvc 
7.  but 

3.  PrtUctivt  tub* 
l.  Optical  unit 
5.  Sl*««t 


i.  Spile*  *rftnli tf 
7.  Clatpinf  4t«icc  f*r 
str*n|th  u«ub*r 
I.  Fib*r< 

1.  Slatted  cor* 


Figure  2 
M.S.3. 
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Fiber  splicing  inside  the  MS3  is  done  by  using  an 
automatic  arc  fusion  splicer,  for  any  type  of  fiber 
(1300  or  1550  nm). 

k.  TESTS  RESULTS 

Characterization  Is  done  by  mounting  a  MS3  between 
two  lengths  of  FOGW.  The  assembly  Is  then 
submitted  to  test  series  with  a  monitoring  of 
attenuation  characteristics  at  1300  and  i  500  nm. 

A  prototype  MS3  has  been  installed  on  a  section  of 
THYM  1 57  FOGW  enclosing  both  1300  nrn  and  1550 
nm  (dispersion-shifted  fibers  (3))  singicmode  fibers 
and  then  subjected  to  a  series  of  laboratory  tests. 

ft. I.  Tensile  test 

The  aim  was : 

-  no  change  In  attenuation  up  to  70  %  of  the  Nominal 
Breaking  Load  (N.B.L.)  of  the  cable. 

-  no  breaking  up  to  90  t  of  the  N.B.L. 

The  following  table  shows  the  obtained  results. 


Tensile  stress 

Attenuation 

Remarks 

change 

<V  NBL 

daN 

(dB) 

9 

9 

0 

52 

6711 

9 

52 

6711 

9 

After  1  hour 

56 

7228 

9 

65 

8269 

9 

73 

9292 

9 

89 

19325 

9 

98 

12699 

9,93 

191 

12959 

oo 

Breaking 

*.2.  Thermal  test 

The  MS3  has  been  subjected  to  thermal  cycling  in  a 
climatic  chamber  and  the  splice  attenuation 
variations  have  been  monitored.  For  both  1300  and 
1550  nm  fibers,  the  maximum  variation  between  + 
55*C  and  -  *9*C  has  been  0.12  dB,  which  is 
satisfactory. 

a. 3,  Vibration  test 

The  assembly  is  submitted  to  the  following  test : 

A  tension  equal  to  20  %  of  NBL  is  applied  and  a 
vibration  with  a  vertical  amplitude  between  1000  and 
1 500  /urn  and  a  frequency  between  20  and  *9  Hz  is 
applied  to  one  end.  The  sample  Is  submitted  to 
lO'cycles  to  simulate  service  fatigue. 

No  measurable  attenuation  variation  has  been 
recorded  during  and  after  the  test. 

*.*.  Other  tests :  Other  tests  are  : 

-  climatic  ageing 

-  corrosion  test 

-  short  term  temperature 


increase  (short  circuit  or  lightning  current). 

5  -  EXPERIMENTATION 

5.1.  Experimentation  at  CDF  test  station 

A  500  m  FOGW  span  has  been  equipped  with  a  MS3  at 
the  "Le  Mlnervols"  EDF  test  station.  This  place  is 
being  used  by  EOF  for  many  years  to  test  new  line 
equipment,  fitting  or  conductors  ($).  High  wind  ore 
experienced  very  frequently,  resulting  In  accelerated 
ageing  of  the  tested  equipment. 

After  more  than  one  year  no  change  in  transmission 
has  been  detected. 

5.2.  Installation  on  a  *99  kV  operating  line 

In  October  1988  a  FOGW  installed  on  a  *99  kV  line 
between  Tavcl  and  Aramon  has  been  damaged  by  an 
helicopter  that  hit  the  FOGW  with  Its  landing  gear 
during  a  flight  with  very  poor  weather  conditions. 

In  spite  of  the  elongation  of  the  FOGW  created  by  the 
Impact,  transmission  parameters  were  unaffected. 
These  parameters  were  very  well  known  as  the  link  has 
been  installed  cne  year  earlier.  Incorporating  for 
experimental  purpose  two  dispersion  shifted  fibres  in 
excess  of  the  four  .standard  single  mode  fibres  (3). 

As  the  external  wire  layer  was  damaged  It  has  been 
decided  to  repair  the  cable  (see  figure  3). 


Figure  3 
Damaged  FOGW 


Compression  clamps  are  fixed  at  the  ground  level 
after  the  replacement  of  the  length  of  damaged  cable. 
Figure  *  shows  the  clamping  on  the  FOGW. 


328  International  Wire  &  Cable  Symposium  Proceedings  1989 


Figure  4 

Clamping  on  the  FOGW 

Due  to  external  condition*  in  December  I9SS 
(Temperature  0*  C,  wind  :  100  to  120  km/h)  splice* 
have  been  done  In  a  shelter  (see  figure  5). 


Figure  6  shows  the  terminated  M$3  before  lentionnlng 
the  FOGW  to  adjust  the  sag. 


Figure  f 

Terminated  M.5.3 

This  reparation  Is  Installed  between  two  towers, 
distant  of  500  meters.  The  effect  on  the  total 
attenuation  of  the  link  is  undetectable  both  on 
standard  1 300  nm  single  mode  fibres  and  on  dispersion 
shifted  fibres. 

6.  CONCLUSION 

A  mid-span  joint  (M$3)  has  been  developed  for 
efficient  maintenance  of  FOGW  links  Installed  on  the 
EDF  Transmission  network.  The  MS3  has  been  designed 
to  have  the  same  mechanical  resistance  as  the  FOGW 
themselves,  to  have  a  minimum  diameter  and  to 
accept  very  severe  mechanical  stresses  and 
temperature  variations  without  significant  change  In 
its  optical  attenuation.  Extensive  laboratory  and  site 
testing,  followed  by  the  Installation  of  a  MS3  on  a  400 
kV  line,  has  shown  that  : 

-  the  MS3  has  the  same  UTS  as  the  THYM  FOGW 

-  temperature  variations,  vibrations  and  tensile  load 
have  no  significant  effect  on  optical  splice 
attenuation. 

Provided  that  the  access  to  the  splicing  point  is 
adeouate,  such  a  MS3  can  be  feasible  in  one  day  with 
the  optical  test  done  before  the  watertight  closure  of 
the  central  part. 


Figure  5 

Performing  the  splice 
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Aklwsi 

Optical  coaau.ilcation  syslcas  by  optical  fibers  are 
today  widely  used  for  public  cORRunlcation  networks, 
local  area  networks(LAN)  and  so  on.  To  aake  full  use 
of  the  non-inductive  characteristics  of  the  optical 
fibers,  non-Retallic  optica)  cables  which  contain 
fiber  reinfoced  plastics  (FHP)  rod  strength  Maher*  have 
cone  into  general  use.  However,  their  large  rigidity 
often  affected  the  flexibility  of  the  optical  cables. 
For  the  purpose  of  isproving  the  flexibility  of  the 
non-Mtallic  optical  cables,  we  designed  the  stranded 
FHP  strength  aesber  and  developed  the  novel  nanufactur* 
ing  process  which  enabled  to  reduce  the  nanu factoring 
cost.  The  stranded  FHP  strength  aeaber  developed 
this  ti»e  has  excellent  shape-retentivity  by  closely 
tightening  the  FHP  elcncnls,  the  renarkably  isproved 
flexibility  and  the  sane  tensile  characteristics  as  the 
FHP  rod.  Furthernore,  we  have  confirsed  that  it's  a 
very  effective  strength  nenber  for  the  optical  cables  by 
putting  it  to  use  in  slot  core  cable. 

LlnUoduction 

Practical  introduction  of  optical  conaunication  systens 
using  optical  cables  is  expanding  hot  only  in  the  field 
of  the  public  coaaunication  but  also  in  the  fields  of 
LAN  and  various  industries. 

Being  coaposed  of  a  glass  aaterial,  that  is,  a  non- 
Retallic  aatcrial,  optical  fibers  are  iaparlcd  with  the 
outstanding  feature  of  non-induction  which  is  never  seen 
in  the  conventional  copper  coaaunication  cables.  As 
conpared  with  the  copper  cables,  however,  the  optical 
fibers  are  sensitive  to  external  force,  and  hence,  are 
used  in  the  state  of  cables  together  with  strength 
Renters.  The  strength  neabers  are  indispensable  for 
assuring  the  service  life  of  the  optical  fibers,  being 
eaployed  as  an  antitensional  nenber  in  the  laying 
operation  and  also  in  realizing  the  stability  of 
transnission  loss  against  tenperature  variation. 
Therefore,  the  favorable  strength  Mabers  now  in  use  are 
those  with  higher  tensile  aodulus  of  elasticity  and 
lower  coefficient  of  linear  theraal  expansion. 
Aside  fron  the  above,  in  order  to  Mkc  the  nost  of  the 
feature  of  non-induction  in  optical  fibers,  the  non- 
aetallic  type  optical  cables  coapletely  free  fron  a 
aetallic  aaterial  are  being  widely  designed  and 


sanufactured,  and  at  the  mm  Um,  reinforced  plastic 
rods  using  a  glass  fiber,  an  arosatic  polyaalde  fiber, 
etc.  as  a  reinforcesent  are  being  used.  khllo  the 
tensile  aodulus  of  elasticity  of  FHP  rods  using  a  glass 
fiber  as  a  reinforcesent  (GFHP  rods)  is  comparatively 
higher  aaong  the  general  plastics,  the  value  Is  auch 
lower  than  and  about  1/4  that  of  the  steel  wire  which  is 
being  widely  used  as  the  strngth  aenbers  for  Mtallic 
type  optical  cables.  Consequently,  in  the  case  when  GFRP 
rods  are  applied  to  strength  aenbers, St  is  inevitable 
that  GFHP  rods  with  larger  outside  disasters  are  adopted 
to  assure  the  prescribed  tension  characteristics.  The 
problea  with  the  larger  outside  disaster  is  the  likeli¬ 
hood  of  loss  of  flexibility  which  is  one  of  the  axjor 
features  of  optical  cables  and  also  of  the  problea  with 
safety  in  handling  due  to  high  rigidity  of  GFHP  rods 
with  larger  outside  diaMters.  In  order  to  cope  with 
the  above  problea,  the  application  of  the  FHP  rods  using 
an  aroMtlc  polyaaide  fiber  such  as  Xevlar*  as  a  re- 
inforccMnt  (KFRP  rods)  in  place  of  the  above  GFHP  rods 
with  larger  outside  diaMters  nay  be  considered,  but  it 
will  cause  increase  in  cost,  and  aore  than  twice  in 
cost.  In  view  of  the  above,  the  non-aetalllc  type 
strength  nenber  without  causing  the  loss  or  flexibility 
of  optical  cables,  with  ainiaun  iapact  on  cost  and 
enabling  stable  cable  aanufacture  has  long  been  desired. 
On  the  basis  of  the  understanding  of  the  forgoing 
background,  we  have  developed  the  stranded  FRP,  and 
further  the  process  for  Mnufacturing  the  sane  with  less 
iapact  on  cost.  In  this  paper,  the  novel  process  for 
Mnufacturing  the  stranded  FHP  which  has  been  developed 
so  far,  its  characteristics,  and  the  characteristics  of 
the  optical  cable  using  the  stranded  FHP  will  be 
reported. 


The  stranded  FRP  is  the  stranded  product  of  FHP  eleMnts 
with  fine  diaMters,  and  the  Mnufacturing  processes 
include  the  process  of  stranding  cured  FRP  rods  with 
fine  diaMters,  wrapping  with  tapes  followed  by  applying 
polyethylcnc(PE)  sheath.  The  above  process  enables  to 
aaintain  the  tensile  characteristics  and  assures  flexi¬ 
bility.  However,  when  such  Mnufacturing  processes  are 
eaployed,  it  is  liable  to  cause  repulsion  anJ  scattering 
of  FRP  eleMnts  with  fine  diaMters  which  constitute  the 
stranded  FRP,  causing  difficulty  in  obtaining  stable 
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stranded  condition'  In  addition,  referring  to  the 
proem  Inc  stops,  they  involve  tie  stops  of  producing 
cured  PUP  rods  with  fine  dimeters,  and  stranding  the 
sane,  resulting  in  such  problems  as  increase  in  the 
nu*ber  of  steps,  explicated  steps  and  also  higher  menu- 
factoring  cost. 

In  general,  the  PIP  rods  are  manufactured  by  inpregnat* 
ing  the  continuous  fiber  such  as  a  glass  fiber  with  a 
thernosetting  resin  such  as  an  unsaturated  polyester 
resin  and  adjusting  into  the  prescribed  fora  and  shape, 
followed  by  curing  through  a  beating  die,  etc.  On  the 
contrary,  uncured  rod-like  PIP  products  vlth  favorable 
sbape-retentivity  and  flexibility  are  obtained  by  thinly 
coating  the  fiber  bundle,  inpregnated  with  uncured 
tbernonetting  resin  Using  a  flexible  thernoplastie  resin 
such  as  polyethylene.  The  structure  of  an  uncured  rod* 
like  PIP  product  is  sho*n  in  Plg.l. 

The  manufacturing  process  ue  have  developd  so  far 
consists  of  producing  the  PI?  eUacnts  with  fine 
diameter*  by  utilizing  the  favorable  shape*retentivity 
and  flexibility  of  the  uncured  rod*like  PIP  products, 
followed  by  stranding  and  then  curing  to  produce  the 
stranded  FIP.  Further,  the  novel  process  thus  developed 
has  enabled  a  series  of  the  continuous  process  including 
curing  by  directly  introducing  the  uncurad  rod-like  PIP 


products  into  the  stranding  step.  The  sanufacturing 
process  of  the  novel  process  is  illustrated  in  Fig. 2  in 
comparison  with  the  conventional  process.  In  the  novel 
process,  the  reinforced  fiber  bundles  such  as  glass 
rovings  aro  taken  out,  inpregnated  with  a  thermosetting 
resin  such  as  unsaturated  polyester  resin,  and  adjusted 
to  forn  the  prescribed  shape,  and  thereafter  coating 
with  thermoplastic  resin  such  as  polyethylene,  polyamide 
12  (PA*12),  etc.  through  a  multi-hole  die  (7-hole  die) 
is  carried  out  to  obtain  uncured  PIP  rod-ilke  products, 
followed  by  stranding  and  then  curinc  to  form  the 
stranded  PIP.  Pig.  3  shows  the  structure  of  the  strand¬ 
ed  PIP  which  ha*  been  developed  by  us.  The  novel  process 
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Plg.l  The  structure  of  an  uncured  rod-like  PIP 
product 
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Fig. 2  The  manufacturing  processes  of  stranded  PRP 
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has  wmablwd  reduction  in  manufacturing  cnmt  by  virtue 
of  curtailmmmt  of  number  of  step*  amd  simplification  of 
tbo  step*  at  toll  as  improvmment  on  the  adhesion 
properly  of  tbo  elements  themselves  by  curing  under 
stranded  condition,  resulting  in  tbo  improvement  in 
handling  and  safoty  without  causing  scattering  of 
eloMots  in  tbo  cutting  stop  which  has  frequently  been 
soon  in  tbo  conventional  process. 


ess*  s£  e-  °6-12 
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Fig. 3  The  structure  of  the  stranded  FRF 
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Tabic  1  shoes  the  typical  properties  of  the  stranded  FRP 
developed  by  us  in  comparison  uith  GFRP  rod  and  KFltP 
rod.  As  the  criteria  for  the  coaparison,  the  saac 
Sectional  area  of  FRP  parts  «as  adopted. 


Table  1  Typical  properties  of  ncs-aetallic  strength 
acebers 
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In  evaluation  of  flexibility,  the  load  applied  to  bend 
the  saaple  to  a  seal  circle  at  a  specified  curvature 
(bending  load)  uas  measured  as  indicated  in  Fig. 4.  Fig. 
5  shoes  the  relationship  between  bending  load  and  bend 
diameter.  In  addition,  Fig. 6  exhibits  the  relationship 
betueen  the  bending  load  at  a  bend  diameter (400aad ) 
which  is  deemed  usual  in  laying  down  underground  cables, 
etc.  and  the  load  at  0.2%  elongation  of  the  sample. 
Vnen  compared  at  the  load  of  150  kg  at  0.2%  elongation 
from  the  present  result,  it  is  found  that  the  stranded 
PRP  is  superior  to  GFRP  rod  ?nd  KPRP  rod  with  respect  to 
flexibility,  since  the  bending  load  of  the  stranded  FRP 


is  about  20%  of  that  of  GFRP  rod  and  about  50%  of  that 
of  KFIP  rod. 

The  relationship  betueen  tensile  load  and  strain  is 
shown  in  Fig.7.  Breaking  strength  and  tensile  modulus  of 
elasticity  arc  listed  in  Table  2.  Tbo  stranded  FRP  has 
a  tensile  modulus  of  elasticity  of  about  4,570  kg/wr, 
retaining  almost  the  sane  value  as  GFRP  rod.  In 
addition,  the  stranded  FRP  has  proved  to  show  tensile 
strength  at  break  almost  comparable  to  that  of  GFRP  rod. 

l-lJM,auq.b«ndlnt^arjtcUrI^tki 
By  varying  bend  diameters  at  room  temperature,  the 
maximum  bend  diameter  at  which  the  sample  or  a  part  of 
the  sample  is  broken  (minimum  bend  diameter)  was 
measured.  The  result  is  shoun  lu  Table  3.  The  stranded 
FAP  possesses  the  excellent  properly  In  the  minimum  bend 
diameter,  which  is  about  half  those  of  GFRP  rod  and  KFIP 
rod,  and  is  expected  to  enhance  the  reliability  in 
laying  down  cables. 

Sending  lead 


F 


Sending  load 


Fig. 4  The  measureoent  of  bending  load 


Fig. 5  Bending  load  dependence  of  bend  diameter  for 
non*metaliic  strength  members 
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Fig.G  Bend! ns  load  at  400«a^  diaaetcr  dependence 
of  load  at  0.2*  clonsatlon  for  non-aelalllc 
strength  aeabers 


Table  2  Tensile  characteristics  of  non-aetallic 
strensth  aeabers 
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Table  3  Hiniaua  bend  diaieter  of  non-aelallic  strength 
aeabers 
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Fis.7  Tennsile  load  dependence  of  tensile  strain  for 
non-actallic  strength  acsbers 


In  order  to  corpare  the  stranded  FRP  with  GFRP  rod  In 
regard  to  long-I.era  reliability,  static  bending-fatigue 
test  was  carried  out  In  hot  water  at  80T3.  Fifty (50) 
pieces  of  saaples  having  several  different  bend  diaae- 
ters  were  aeasured  for  the  period  of  tiae  required 
to  break  the  saaple  or  a  part  of  the  saaple  in  hot 
water  at  801C.  The  cuaaulative  failure  probabilities 
thus  obtained  were  plotted  on  a  Veibull  probability 
paper.  The  log  of  tinc{ti)  leading  to  a  cuaaulative 
failure  probability  of  1.0*  was  plotted  against  the  log 
of  bending  strain  rate.  The  result  is  shown  in  Fig.S. 
The  bending  strain  rate  was  based  on  FRP  diaaeter  for 
single  GFRP  rod,  and  on  the  rod  diaaeter  equivalent  to 
the  sectional  area  of  PSP  parts  for  the  stranded  FRP.  As 
shown  in  the  data,  it  is  deaonstrated  that  the  stranded 
FRP  has  a  superior  service  life  of  about  HP  tines  to 
that  of  GFRF  rod  at  every  strain  rate,  and  auch  higher 
long-tera  reliability. 

3..§_Rcpeatcd  bending  fatisue_charar-teristics 
The  dynaaic  fatigue  characteristics  by  repeated  bending 
were  evaluated  according  to  the  aethod  as  shown  in  Fig. 
9.  Repeated  bending  strain  of  10,000  tines  with  a  pair 
of  rollers  of  450aa  in  diaaeter  was  applied  to  the 
stranded  FRP  together  with  the  load  corresponding  to 
about  0.1*  elongation  of  GFRP  rod  (80  kg).  As  a  result, 
it  has  been  deaonstrated  that  the  bending  load  and 
tensile  breaking  strength  of  the  stranded  FRP  after 
testing  aaintain  the  initial  values  without  deteriora¬ 
tion  in  its  characteristics  as  shown  in  Table  4. 
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Pig.8  Veibull  distribution  constant(U)  dependence  of 
bending  strain 


Table  4  Repeated  bending  fatigue  characteristics  of 
non*ectallic  strength  aethers 
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Fig.9  The  Method  of  dynaaic  bending  fatigue  test 


4Jhe_  Characteristics- o£the_9pticalCable_u»ini_the 
Stranded  FRP  Strength  Heeber 

rn  order  to  confira  the  effectiveness  of  the  stranded 
FRP  applied  to  the  strength  aethers  of  optical  cables, 
slot  core  cable  using  the  stranded  FRP  strength  aether 
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(a)  Stranded  TO*  strength  sober  type 


2-Fiber  Ribbon 

ffS?  Rod  Strength  .ober  (t.twcvl) 
V rapping  Tape 
PE  Slotted  Core 
PE  Sheath 

niiseler  :  20m 


<b)  CFRP  rod  strength  sober  type 


Fig. 10  The  structure  of  the  cables  used  for  evaluation 
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ill  designed  and  coapared  with  th«  cable  with  the 
conventional  single  GFRP  rod  strength  aeaber  for  each 
characteristics.  The  structure  of  the  cable  ueed  for 
evaluation  ia  aa  Illustrated  in  Fit. 10,  vhich  ia  capable 
of  aecoaaodating  128  optical  fibers  at  the  saxiaua. 

4,1  Tens! I e.characteri sties 

The  tensile  load'elontation  charactcriatics  are  ex* 
hibited  in  Fit'll.  Both  the  cable  usint  single  GF*P 
rod  and  that  usint  the  stranded  FRP  display  alaost  the 
saae  characteristics.  It  has  been  also  proven  that  both 
sintle  vlrc  and  stranded  vire  each  in  cable  condition 
depend  on  sectional  area  of  FRP. 


O  Stranded  FKP  slrcn$lh 
aeaber  typo 
x  CFRP  rod  sirens th 


Fie.ll  Tensile  load*clontation  characteristics  of  the 
cables 


Fit. 13  Measured  flexibility  of  the  cables 


Flexibility  evaluation  was  carried  out  in  accordance 
uith  the  aeasurlnt  aethod  as  shown  in  Fit* 12.  The  test 
results  are  as  indicated  in  Fit>13  and  deaonstrate  that 
the  stranded  FRP  strentth  aeaber  has  a  notably  iaproved 
flexibility  in  coaparison  with  that  of  sintle  GFRP  rod 
strength  aeaber. 

^.Conclusion 

For  the  purpose  of  iaprovint  the  flexibility  of  non* 
aetallic  type  optical  cables,  the  stranded  FRP  strentth 
aeaber  was  designed  and  produced  usint  a  novel  process 
in  vhich  the  step  of  curing  FRP  and  the  stranding  step 
are  integrated.  As  a  result,  the  novel  process  has 
enabled  us  to  produce  the  stranded  FRP  which  is  lover  in 
cost  and  excellent  in  shepe-retentivity.  The  design  and 
evaluation  of  the  stranded  FRP  thus  developed  and  the 
optical  fiber  cable  usint  the  saae  have  deaonstrated  the 
excellent  flexibility  as  veil  as  various  properties 
coaparable  to  those  of  the  single  GFRP  rod  and  it  has 
been  confiraed  to  have  excellent  characteristics  in 
practical  application. 


Fig.12  The  aeasuring  nethod  of  flexibility  of  the 
cables 
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Abstract 

Use  ot  LAN  systems  using  optical  fiber  Is  now 
lncreaselng.  Tne  design  nf  optical  fiber  transmls- 
slon  routes  for  LAN  systems  Is  very  important  from 
the  standpoints  of  economic  feasibility,  reliabil¬ 
ity  and  maintenance  of  the  entire  system  Including 
branching. 


polyethylene  pipe. 

the  V.llnw  pipes  of  both  cables  can  be  utilised  as 
the  pathway  for  air  blown  fiber.11*  and  provision 
is  made  for  future  Increases  in  demand  for  optical 
transmission  lines.  Actual  evaluation  has  demon¬ 
strated  that  ZOO  m  or  more  of  the  optical  fiber  unit 
can  be  installed  by  air  blowing. 


In  order  to  provide  flexibility  In  the  design  of 
sueh  transmission  routes,  we  have  developed  tuo 
types  of  optical  fiber  cables  with  higher  addi¬ 
tional  functions  and  assured  rho  applicability  of 
these  cables  to  LAN  systems. 


In  this  paper,  we  will  describe  the  characteristics 
of  optical  cable  for  LAN  systems  having  two  addi¬ 
tional  functions. 

2.  Optical  Cable  Design 


I.  Introduction 


As  often  seen  In  Intelligent  buildings  In  recent 
years,  LAN  systems  using  optical  fiber  cable  are 
Increasingly  used  In  various  applications.  In  such 
optical  fiber  communication  networks ,  economic  fea¬ 
sibility  of  the  entire  system  may  be  lost  or  prob¬ 
lems  of  reliability  and  maintenance  nay  arise  If 
the  cable  distribution  is  not  efficiently  de¬ 
signed. 

As  an  example  of  a  cable  distribution  system  In  a 
building,  there  is  a  method  of  building  up  a  star- 
like  network  with  a  coble  center  on  one  floor  with 
cables  being  distributed  from  this  center  to  other 
floors  of  the  building.  For  this  purpose,  it  Is  nec¬ 
essary  to  Introduce  nulilcorc  optical  cable  with  a 
smaller  diameter  and  with  excellent  branching  char¬ 
acteristics  for  efficient  utilisation  of  the  space 
within  the  cable  ducts  In  a  building.  Furthermore, 
It  is  quite  possible  to  expand  the  scale  of  the 
system  on  a  specific  floor  to  meet  increasing  de¬ 
mand. 

To  meet  these  requirements,  we  have  designed  and 
manufactured  an  optical  cable  using  several  hollow 
polyethylene  slot  core  cables  incorporating  multi- 
core  fibers.  These  multi-core  fibers  are  stranded 
around  the  strength  member  In  order  to  Improve  the 
availnblliry  and  workability  of  the  cable. 

Also,  for  use  as  an  outdoor  cable  between  buildings 
or  as  a  distribution  cable  within  a  building,  a 
self-supporting  optical  cable  **>  lies  been  designed 
in  which  a  round  non-metalllc  optical  cable  is  cov¬ 
ered,  with  FRP  and  polyethylene  in  a  hollow 


First  we  present  a  description  of  the  structural 
design  of  two  types  of  optical  cables  with  higher 
additional  functions  developed  for  LAN  systems. 

2,1  Hultl-cablo  construction  with  tubular  slot 
core 

Figure  l  *hnws  the  strueturo  of  an  optical  cable 
developed  primarily  for  Improving  the  branching- 
off  of  optical  fiLer  on  each  floor  in  order  to 
efficiently  utilise  the  space  within  the  distribu¬ 
tion  ducts  In  a  building. 


Optical  nut 

St«i  -lift  PC  IlnMt  Olt;6rrwnl 
PC  *1*11*0  twt 
PVC  tOvUf  01*  IStml 

SIMl  m«W«4  -It*  (7/20«vnl 
*~~-pVC  iM*iMCgl«  Olo  lSmm) 

CeMt  OuUf  Old  <5  mm 


,  SlMAflh  IMBUl 


S2  ilicMIn; 


Fig.  1  Optical  cable  construction 
for  building  application 
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In  this  cable,  8-core  fiber  la  inserted  Into  a 
polyethylene  slot  core  made  of  ordinary  polyethyl¬ 
ene  having  a  tubular  form  with  an  Inner  diameter  of 
6  am,  where  ABF  (Air  Blown  fiber)  system  It*  ap¬ 
plied.  to  facilitate  bettor  branching  chsracrerls* 
tica,  6  non-metallic  optical  fiber  cores  with  PVC 
sheath  are  atranded  with  a  pitch  of  1.5  m  on  Sf. 
around  the  steel  stranded  tension  member  core  with 
fl'C  rheath,  and  the  cores  are  Intermittently  fixed 
with  solvents. 

To  meet  the  demands  on  non-halogen  type  optical  fi¬ 
ber  cable,  non-inf lanaable  iiolyethylene  Is  adopted 
for  the  outer  sheath,  and  bind  wires  are  used  to  fix 
optical  fiber  cable  for  better  and  easier  Intermit¬ 
tent  bonding. 

Such  structure  enables  easy  handling  of  the  cable 
and  Is  convenient  for  building  up  a  star-like  net¬ 
work.  When  loop  construction  Is  required,  u  Is 
achieved  without  any  difficulty  by  using  jasper  ca¬ 
ble  which  connects  floors. 


2.2  Prehanger  cable  construction  with  tubular  FRP 
suspension  wire 


We  have  also  developed  a  new  cable  as  shown  In  fig. 
2,  which  is  suitable  for  outdoor  Installation  be¬ 
tween  commercial  buildings.  In  this  cable,  FRP 
(fiber  Reinforced  Plastic)  pipe  Is  installed  In  Pf. 
pipe  with  an  Inner  diameter  of  6  mad  to  bo  used  In 
an  ABP  system.  Furthermore,  It  is  covered  with  a  PC 
Jacket,  the  diameter  of  the  whole  being  12  mad. 


The  FRP  core  with  PE  pipe  and  the  round  non- 
mctalllc  optical  cable  are  fused  together  by  mold¬ 
ing  Intermittently  using  PC  pieces. 


This  FRP  pipe  serves  ns  a  strength  member  during 
cable  laying  and  may  also  fulfill  the  function  of 
suspension  wire  when  It  Is  used  as  an  aortal  ca¬ 
ble. 


fig.  2  Optical  cable  construction  for 
aerial  application 


1.  Cable  cha raetorlst lea 

The  two  types  **f  optical  coble  which  have  recently 
been  developed  are  based  on  slot  type  construction, 
which  assures  excellent  transmission  properties 
and  mechanical  properties.  Curing  the  manufactur¬ 
ing  process  of  these  cables,  no  degradation  of  the 
transmission  characteristics  was  observed. 

Here,  a  description  Is  given  mainly  of  the  mechani¬ 
cal  properties  and  the  installation  adaptability 
of  the  enblo  and  of  the  air  blowing  characteristics 
of  the  air-blown  fiber  utilising  the  hollow  pipe 
portion. 

1.1  Mechanical  characteristics 
(1)  FlexlHhlty 

Cable  flexibility  of  two  types  of  recently  devel¬ 
oped  optical  cables  and  a  multi-cable  having  a  sin¬ 
gle  cable  core  was  evaluated,  for  comparison  pur¬ 
poses,  evaluation  was  also  done  for  the  prehanger 
type  optical  cable,  In  which  the  suspension  wire  is 
constituted  of  7/2.0  cm  steel  stranded  wire  and  FRP 
of  8  mm  In  diameter.  The  results  are  summarised  In 
Fig.  3. 


0  1  13  4  3  6  7  8  S 


COOS  W  U«) 


Fig.  3  Cable  flexibility 

The  results  of  the  test  suggest  that  there  is  no  sub¬ 
stantial  difference  in  flexibility  between  the 
prehanger  typo  cable  having  hollow  FRP  suspension 
wire  and  the  prehanger  type  cable  having  FRP  rod 
suspension.  Thus,  It  seems  that  no  problem  may 
arise  even  when  suspension  wire  is  replaced  with 
FRP  pipe. 

(2)  Tension  tests 
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For  comparison  purposes,  tension  tests  were  per¬ 
formed  on  the  prehanger  type  optical  cable  having 
FRF  pipe  as  suspension  wire  as  shown  In  Fig.  2  and 
on  the  prehangor  type  cable  having  FRF  rod  of  8  m 
In  diameter  as  suspension  wire.  Figure  *  shows  the 
results  of  the  evaluation  of  load  elongation  char¬ 
acteristics  of  the  suspension  wire.  (loth  cables 
exhibited  almost  the  same  characteristics.  In  the 
cross-seetlonal  area  of  FRP,  FRF  pipe  has  a  cross- 
sectional  area  smaller  by  about  203;  however,  a 
similar  trend  was  observed  because  Young's  modulus 
was  raised  by  the  same  degree  to  Improve  the 
strength.  Therefore,  It  appears  that  prehanger  ca¬ 
ble  having  FRF  pipe  as  suspension  wire  has  tension 
strong  enough  to  meet  the  demands  of  the  Installa¬ 
tion  environment  -  not  only  for  aerial  Installation 
on  electric  poles  but  also  for  hanging  on  pylons. 


a  ooo 
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Fig.  4  load  elongation  characteristics  of  the 
cable  with  FRF  suspension  wire 


(3)  Bending 

Ten  cycles  of  bonding  tests  wore  performed  using  a 
mandrel  of  600  cm  in  diameter  on  tho  two  types  of 
the  cables  shown  In  Fig.  1  and  Fig.  2.  The  results 
of  the  tests  revealed  no  Increase  of  transmission 
loss  of  optical  fiber  in  both  cables  at  1.3  pm; 
stabllty  characteristics  against  bending  were  also 
confirmed. 

During  the  bonding  test,  t’lere  was  no  sign  of  dam¬ 
age  to  FRP  pipe,  such  ns  cracking,  collapse,  etc., 
on  the  prehangor  cable  with  FRP  pipe  suspension 
wire  of  Fig.  2.  It  was  thus  confirmed  that  there  is 
no  problem  from  a  physical  standpoint. 

(4)  Impact 

On  tho  optical  cablo  portion  of  the  two  types  of 
cables  recently  developed,  impact  tests  wore  per¬ 
formed  using  a  cylinder  with  a  diameter  of  2.5  ma 
and  a  weight  of  1-3  kg.  Dccausc  the  optical  fiber 
of  these  cables  Is  based  on  slot  core  construction 
to  provide  strong  protection  against  external 
forces,  there  was  no  change  of  loss  at  1.3  pm. 

When  a  cylinder  weighting  3  kg  was  dropped  from  a 
height  of  1  m  onto  the  FRP  pipe,  no  damage  to  the 
FRP  pipe  was  noted. 


3.2  Branching  operation  far  multi-cable 

After  the  multi-cable  shown  In  Fig.  I  was  Installed 
vertically  in  the  distribution  duct  in  a  building, 
the  workability  of  the  cable  for  Intermediate 
branching  was  assessed.  As  shown  In  Fig.  5(a)  and 
(b),  It  is  possible  to  pull  the  cobles  to  each  floor 
because  the  cable  la  attended  In  S2. 


(a)  Cutting  of  the  cable 


(b)  Fulling  the  cable  out 


Fig.  5  Intermediate  branching  process 
of  multi-cable 

3.3  ABF  system  Application 


An  attempt  was  made  to  send  a  6-fibcr  optical  unit 
with  an  outer  diameter  of  2  mn  by  compressed  air  by 
moano  of  tho  air  blown  fiber  (ABF)  system. 

Tabic  1  summarizes  the  evaluation  results  of  the 
cable  shown  in  Fig.  1.  It  uas  demonstrated  that 
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•bout  200  a  of  optical  fiber  unit  can  be  easily 
sent  by  the  ABF  system  and  that  additional  func¬ 
tions  of  cable  distribution  within  a  building  by 
the  ABF  system  can  be  fulfilled  with  this  cable 
structure.  The  pressure  for  air  blowing  Is  5 
kg/cm:.  Table  2(a)  and  (b)  give  the  results  of  air 
blowing  of  the  cable  shown  m  Fig.  2  by  the  ABF 
system.  The  results  reveal  that  an  optical  fiber 
unit  of  about  300  n  can  be  easily  Installed  In  FRF 
Pipe. 

Figure  6(a)  and  (b)  show  the  connection  of  the  air- 
blowing  pipe  of  the  ABF  systea  and  the  FKP  pipe  by 
aeans  of  the  connector. 


Table  .1  Air  blowing  performance  for 
■ult 1-cable  la  Fig.  1 


Air  blowing 
distance 

Air  blowing 
tine 

Blowing 
a  peed 

0  a 

O' 

30  a/min. 

30  a 

1 '  *0" 

2 A  a/aln. 

100  a 

3 'A0" 

20  n/nln. 

130  a 

6*00" 

21  a/aln. 

200  a 

R‘30" 

8  a/aln. 

230  a 

12 '30" 

0  a/atn. 

277  a 

13 '*0" 

Connect  nr  rtf  the  ABF  svaten 


FRP  pi  j  o 

I 


PC  pipe  upticnl  cable 

(a)  Before  connection  of  PC  pipe  with  FRP  pipe 


(b)  After  connection  of  PE  pipe  with  FRP  pipe 
Fig.  6  FK  pipe  connection  with  FRP  pipe 


Table  2  Air  blowing  performance 


(a)  Cable  length:  300  a 


Air  blowing 
distance 

Air  blowing 
time 

Blowing 

speed 

0  a 

O' 

26.2  a/aln. 

AS  a 

l'A3" 

29.0  a/aln. 

90  a 

3'  )6" 

28.7  a/aln. 

135  a 

A  *50" 

23.9  a/aln. 

180  a 

6' 34" 

25.0  a/aln. 

223  a 

8'22" 

13.2  a/mln. 

270  a 

H'45" 

7.2  a/aln. 

3C0  a 

16 '00" 

4.  Conclusion 

Two  types  of  newly  developed  optical  fiber  cables 
provide  for  the  sending  of  optical  fiber  unit  by 
compressed  air  through  the  air  bloun  fiber  (ABF) 
system  in  order  to  flexibly  cope  with  Increased 


for  prehanger  cable  in  Fig.  2 


(b)  Cable  length:  230  a 


Air  blowing 
distance 

Air  blowing 
time 

Blowing 

speed 

0  a 

O' 

29.2  n/aln. 

30  a 

1 ' 32" 

29.2  a/aln. 

90  a 

3'0A" 

29.9  a/aln. 

135  a 

4' 36" 

29.5  a/aln. 

180  a 

6 '05" 

29.2  a/aln. 

225  a 

7' 37" 

29.4  a/aln. 

230  a 

8 ’30" 

demands  for  installation  of  optical  coble  lino  and 
with  changes  of  optical  transmission  routes  in  LAN 
systems.  The  results  of  the  recent  evaluation  re¬ 
vealed  that  200-300  n  of  optical  fiber  unit  can  be 
sent  by  compressed  air  without  specific  problems. 
In  addition,  It  was  clarified  that  these  new 
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cables  are  also  suitable  lor  vertical  cable  laying 
within  buildings  or  lor  the  leadlng-ln  el  optical 
cable  on  each  lloor.  They  were  also  found  to  be 
usable  without  problem  as  optical  fiber  cable  for 
aerial  transmission  lino. 
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missel 

The  iVmimIs  for  eouposite  cuavim  ratio*  cables  con- 
twiHlMK  optical  fibers  and  vial  lie  conductors  have  bee* 
iwreasi**,  Based  it*  the  fouudaaeotul  teehuiwe  of  air 
bluth  filter  (ABF).  a  aea  kind  «f  coaposite  cnaawilcstio* 
cable  baa  bee*  developed  that  l*te*rates  a  vital  lie  enu- 
doctor*  attb  ABF  tubes.  Covered  to  rouveptioual  optical 
fibersiwiallic  conductor*  coaposite  cables,  the  net 
ABF  vial  He  conductors  eonpostle  eable  has  aa  advaata 
goons  feature  that  it  is  possible  to  drat  optical  fiber 
nails  tato  the  eable  after  installation,  this  feature 
allots  a  saooth  changeover  froa  wlailir  conductors 
iransaission  srsten  to  *>*>1  tea  I  filters  trausaisslon 
systea, 

A  prototype  ABF'vtallir  etaaloelor.s  coaposite  cable 
■as  fabricated  abieh  (Mle* rated  100  pairs  of  Mead  tyv 
corner  condactors  alth  tao  ABF  tabes,  and  its  character 
IStlcs  »ere  evaluated. The  evaluation  revealed  that  the 
cable  has  sand  electrical  awl  vcbanleal  cbaraclerestlcs 
Tor  practical  us*.  It  »as  also  cnuflrvd  that  the  op 
tical  fiber  nail  as  Iona  as  I.IAWa  cao  be  Inserted  into 
the  cable  »llb  air  bloto  fiber  teehloae. 


|,  Introduction 

As  filter  untie  roanunicaimn  systeas  nrollfcra 
both  to  4anao  nod  abroad.  deasods  for  out  I  cal  filter  ea 
bles  are  gruting.  As  a  part  of  tltea.  the  deaatid  for  coa 
Imsite  cnaauiiiealloti  cables,  tltlcli  enablin'  vtnlllc  coo 
doctors  el  (It  net  leal  filers,  lias  also  Ik-cii  increasing 
for  lie  |oir|H.se  of  the  saving  of  diK't  spaces  and  lie*  re 
tbiei  inn  nf  installat  ion  costs, 

ilo  t lie  oilier  hand,  te  ban-  introduced  Ibc  fuodaaen 
tal  l wlni nine  of  air  bloto  fiber  (ABFl  froa  liritlsb 
leliHiiaaimicatiiws  pie.  m  l!W7.  Ilic  AW  leebiiitine  antes 
it  iHissible  til  drat  cosily  tie-  opt  leal  fiber  unit  into 
a  pre  lost  a  I  led  evlj  tola*  (AW  tube)  by  us  ins  covrcsvd 
air.  Ibis  teelmMine  lias  lieen  used  for  tie-  optical  filter 
cable  distributions  tlilcb  till  retpiire  additional  In 
stnl  Ini  Ion  or  rcpiaeevnt  of  optical  fibers  III  Ibc  fll 

lUsed  on  Ho*  above  API  tecbli|t|Uf.  to  have  developed 
u  le  t  kind  or  envois i to  cable  tliieb  integrates  vtnllir 
copliictors  tltli  ABF  tubes.  It's  loissilile  In  lira*  the  op 
licnl  HIht  unit  into  tbc  lieu  coaposite  cable  oTler  it 
lias  lieeo  inslnl  led.  Tins  ABF  vtnllir  conductors  cob 
pf.sHe  cable  can  lie  used  ns  a  convent  muni  vtnlllc  con 
dilciors  maauni  cat  ion  cable  nl  tin1  initial  stage. 


■ben  (he  optical  fiber  cnaaonical  ion  s>S(ea  IS  actually 
rewired,  this  v«  coaposite  tble  can  be  applied  as  a 
optical  fiber*. vial  lie  conductor*  coaposite  cable  by 
drat  la*  the  optical  fiber  units  into  AIF  tubes. 

■e  Muufartured  the  vt  coaposite  cable  thlch  integrated 
tlU)  pairs  of  uuad°lype  copper  conductors  iith  tto  AIF 
tnbes,  and  evaluated  US  characteristics. 

In  this  paper,  (be  advantages,  coestruet ion  and 
characteristic*  of  this  AW.-  vlnllic  condoctors  coa 
posile  cable  are  described. 


2,  trF/ic  ta  i  i,t  cjiop^tot:s.i’a!!poi 

2.1  Advantages  of  the  vt  coaposite  cable 

Covered  to  conventional  optical  flbers/vlnlllc 
conductors  coaposite  cables,  the  se»  AIF/vtallic  con 
doctors  coaposite  cable  has  the  fol luting  advantageous 
features.  These  features  eonbine  to  Allot  a  saooth 
changeover  fron  vial  lie  conductors  transnlssiv  sysleM 
to  optical  flbers/vlallic  conductors  coaposite  Iran* 
aissioo  systcas. 

(t)  The  introduction  of  optical  fibers  to  transals- 
sloo  systea  can  be  delayed  until  the  actual  dr  Bands 
of  optical  fiber  traasatsslou  systea  occur,  becuuse 
It  is  possible  to  drat  the  optical  fiber  unit  into 
the  net  coaposite  cable  after  installation.  In  ad¬ 
dition.  it  Is  easy  to  install  ooro  optical  fibers  or 
replace  existing  ones  after  the  m'Ucal  fibers  unit 
lias  been  drain  Into  the  cable.  This  feature  reduces 
the  Initial  cost  for  transnission  systea. 


(2)  No  special  tension  vaber  is  rewired  in  the  cable 
structure,  anti  the  cable  can  l>e  Installed  using 
traditional  technmoe  tlthwil  svcinl  care,  becuose 
tbc  A  Ilf  tecbniuuc  reduces  the  optical  fiber‘s  elon 
gallon  strain. 

(3)  It  is  possible  to  decrease  tin*  fusion  spliced  nua 
Iht  of  optical  fibers.  In -the  ABF  systea.  it  is  |ms 
silile  to  introduce  the  oplieal  fiher  unit  of  op  to 
1,000a  length  into  the  ABF  lulu?  even  l bomb  the 
vtu'.ir  conductors  and  the  ABF  tidies  are  connected 
ut  intervals  of  severul  bumlred  vlers. 
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t.t  Cakla  CoeetrecUea 


Tar  low  coast reel laos  of  ike  (IF/attalHc  ceedacters 
eoatwlle  eakle  cm  ke  desltaed.  aad  ike  coakiaalloa  of 
IlK  moaker  of  (if  lake*  aad  oeUltle  coadwctor*  Ik  de¬ 
cided  aeeordlaa  lo  (He  rewiraeot  of  Ike  Melee.  **  eaa- 
ofaetored  a  tretettto  (IF/aetallie  foetus ilc  eakle  akick 
iot*er«ted  IfW  wire  of  wmHtw  owwr  eoodeetors  (0.8 
aa  diawttr  mk)  «IUi  law  (IF  (alee. 

la  (Ms  wear.  *e  latredoce  tkts  0.8ee  »  I00*»  *  (IF 
*2T  else  (If/aelalllc  coodoetors  coetoaite  eakle,  Tke 
roast reel loa  and  Ike  attearaae*  of  tke  ae»  roatwile 
eakle  ere  skew  In  Fit. I  ami  Ckote.  I.  resteellvelr. 

Tekle  I  skew  ike  eoVe«ar  ami  (ke  d  I  was  I  was  of  ike  nee 
mowaiie  eakle.  tad  tkose  of  slumlord  0.8aa  MOOt  six* 
rower  eaadectecs  eakle  for  refereaee. 

•t  desisaed  (ke  ewstracllw  of  tkis  eakle  kascd  oo 
tke  eaisilM  teial lie  conductors  eakle  so  as  to  owls 
tke  sate  teekalwe  of  iostallalloo  and  Jalatla*. 

(IF  takes  are  oade  of  colored  toltelktleae.  aad  Its 
oater/laoer  diaoeters  are  loo/Saa.  T«o  (IF  lakes  and  one 
cotter  caadoctor  wit  are  placed  la  tke  center,  aad  aiae 
cotter  eeedecter  wits  are  straaded  arooad  tke  cealer 
later.  Tke  eakle  core  Is  revered  »hfc  UF  (laaiaated 
(Iwlaw  Foltelktleoe)  skeatk. 

Coowrad  to  Ike  standard  tt.Saa  •  lUUt  site  rotter 
eoadoetors  eakle.  tke  iacrease  la  tie*  water  diaoter  of 
tke  cootosite  eakle  Is  dm  Ik  2w,  ket-aesc  mi  special  tea 
sloa  aeaker  Is  rewired  la  tke  ae*  roomwlte  rakle 
SI reel are. 


Photo.  1.  Appearance  of  new  composite  cable. 


Fig.1.  Construction  of  ABF/metallic  conductors 
composite  communication  cable. 
{0.9mm*  100P+ABF*2T  size) 


Tab*#  l  Make-up  end  dimoneione 
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CaU« 

Wn<ht 
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Appeo*  ITktm 

Sunbtd 
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500m 
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2,  §|retrl*nl  thornclrml  ics 

Tk*  tiiMWiliil  Mtw  of  Ik*-  >-*-pp*r  i?ii>Jwctwr  ptrl 
of  the  nen  rtufmk tin  cable  is  Ik-  Ms*  us  that  «f  Miw 
Sard  *m4  l»pe  rifi*r  conductor  <»bl«-s, 

fablnUsboa*  Ik*  **l«p*'lrir»l  charnel eristics  of  Ibis 
rm Me,  H  ms  cea flrned  Ik  I  Ik-  ABF'oetal  Me  conductor* 
wn»lll>  cable  bus  i mod  electrical  ikwl-riM  le* 

nml  t*  thus**  of  ilwknl  *-••>!  lie  nwk<l«r«  . . . 

nlM*  cable. 


Ibbfcl  Bending  mm  muta 
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X 

HOHU  tmxncm  cmncunpui 


km 

iUHl  win 
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ESS 

Cmtoem  INiliiiMv 
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m 
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Ml 
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Batmm  *»nt  arenas 

MtftAMlMMia 

MatatvTMnP.MM 

w 

»w 

D 

bMMMkiHM(,. 

Met  MMO-hat 

a  w* 

ttatowit  Sinai 

besaav  kr  Ihm 

M4 

It  ;  UttMIIM 

C*  ?  Ikrt  Ml  Mi  *n*  AM*  Mkt 

1V*«SM«lkiMiM  ;  IlM 


4.2  CMpreMina  Te*t 

4  lateral  raMression  farce  aver  Ik-  Mm  tidtb 
plate  u«  wIM  repeatedly  la  tbe  Mm  lensth  «bl* 
towle.  FI*. 2  shat*  the  chnn«e*  nf  Iks  shart  Mter  dtae 
*lrc  ml  Ik*  rakl«  and  Ik*  shorl  inner  dineeter  nf  lb* 
ABF  tabes  in  ibe  cable  n*alnnt  CMerwMilM  fare*. 

Photo.  2  shots  Ik*  cron*  sectional  viet  of  the  cable 
•km  tMwnMiw  force  is  nee  I  led  and  releaned.  U  »n* 
eonfirned  tbnl  Ik*  inner  dianeler  »t  ABF  life*  I*  »h 
aost  restored  In  tbe  initial  4lw*l«r  after  co—renslen 
force  (IDUIi/Mm)  Is  released. 

Ibis  resell  Indicate*  that  Ibis  cable  ba*  *oud  coeere* 
sltw  force  resistance  for  practical  las! a I  latino  In  a 
I r oath  or  a  dact. 


4,  Nevbanical  Ilwrac|*rl»(i«-s 

Ik*  laportaal  aecbaaical  characteristics  of  the  ABf' 
aelalllc  ■  undue  tors  conpnslte  cable  is  Ik-  deforaatlDOS 
of  tk*  ABF  tabes  b)  etternnl  nechanlcal  forces  anti  led 
to  tbe  cable  at  installation.  The  Inrse  drfnraatina 
of  ABF  ink-  don't  allot  the  insertion  of  the  optical 
fiber  anil. 

Various  severe  archuHieal  cuodl lluos  terc  applied  to 
tk*  cable  labia*  into  acrooal  tbe  actual  cable  Installa 
Hon. and  Ibc  deforaatinos  of  ABF  lobes  in  the  cable  ter*- 
invest  i  gated, 

4.1  Bendin*  fast 

In  order  to  Invest !*nte  the  deforaation  of  the  ABF 
tubes  in  the  bent  part  of  the  cable,  the  steel  ball 
(S,4aa  In  ilia.)  tas  Inserted  Into  the  ABF  tubes  in  tbe 
cable  staple  thich  tat  bent  around  the  aandrel. 

This  bendin*  test  tas  repealed  for  various  bendin*  d  I  ta¬ 
rter  condition*.  The  test  results  are  shorn  ia  Table!. 
II  tas  conflrned  that  the  steel  ball  passed  throoch  the 
ABF  tubes  dotn  to  the  I7(Im  bendin*  radius  of  the  cable 
saaple.  That  is  4.5  lines  ns  larte  as  the  outer  diam¬ 
eter  of  the  cable. 

tieaeralfv  the  a  Notable  cable  bendias  radius  Is  II 
I iaes  of  the  outer  diaater  of  tbe  cable.  Therefore,  this 
result  indicates  that  there  is  no  sisnificanl  deforma¬ 
tion  of  the  ABF  tubes  due  to  tbe  bendin*  conditions 
durin*  the  standard  installation  of  the  cable. 


Compression  force  tk*/50mm) 


Fig. 2.  Compression  test  results. 
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4.3  Biker  Bechaaical  Test 


&  Caaeressian  farce  (lDUh«/SUaa)  m  applied. 


§>  loapresslu*  force  *  IMinr/hOas)  is  released. 

Photo. 2.  Cross  sectional  view  of  the  cable 
under  compression  test. 


ttthef  varies*  Hdoalnl  leSIh  of  the  rihlr  sere 
carried  eat  s*e-h  as  tensile  test,  repetitive  heiellas 
test,  tort  lea  test  aad  ssseefcis*  test.  After  these 
tests,  the  defer aat  tea  at  the  Alt'  takes  la  the  cable 
saaple*  «ere  ehserbed.  and  the  laser  diaaeters  of 
Ihea  aere  aeasared. 

test  aethads  aad  resalts  are  sheaa  i*  Table  IV. 
ha  x i seal  defaraeilaa  af  the  kK  takes  *as  sbserved.  aad 
the  inner  diaaeters  af  thea  aere  aver  S.Baa  la  each  t«st 
saanle.  It  aas  raaflraed  that  the  aea  enaaaatte  cable 
has  read  —chaaical  character  Istics  far  K*rt  Ira  I  ase. 


The  inserting  raclerislies  of  the  ne*  coaposile 
cohle  aere  exuainet’  .cing  llie  standard  optical  filter 
unit  sltuan  in  Fig.**.  This  oiaical  fiber  unit  consists  of 
0  optical  filters  (3  single  aoile  optical  fitters  and  3 

cr tided  index  optical  fibers)  and  its  outer  diaaeler  is 
•1^. 


I 
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5.2  After  table  Installation 


Rfl.3.  Construction  of  standard  optica) 
fibsr  unit  for  ABF  systsm. 


5.1  8rnl  Aline  T«st 

TV  insert  lax  characteristics  anr*  isirstixntnd  bn 
for  mi4  after  Val  axinx  nf  IV  cabin,  TV  test  >as  car 
rlnl  oat  V  IV  500*  Inaxlb  cable  eblcb  e»s  eoond  na  a 
rent  af  la  dlanelnr.  TV  Uae  It  look  to  insert  a  500a 
Inailb  and  cal  fiber  aalt  lata  tV  cable  V  roanressnd 
air  aas  masnred.  TV  coanrexsed  air  nrexxer*  aas  Ski/ 
cdf. 

TVa  IV  SUUn  Inaitb  cabin  aas  nlaced  la  a  leaner 
alarn  InM  rbaaVr  and  kml  nndnr  a  blab  teennralare 
condition  of  MX*  for  72  boars.  After  it  aas  returned 
to  roua  leaner  tare.  IV  Insert  lax  line  aas  neasnred 
aaala  nndnr  IV  sane  conditions  as  Vfore  beat  axiax. 

ftx.4  sboas  IV  test  resells.  TV  Insert  lax  Uae  of 
a  fdlUe  leaalb  onlical  UVr  aail  aas  nbont  211  aiaates 
for  IV  coanoslle  cable  Vfore  and  aflnr  Val  axinx. 
TVrn  aas  an  delerlorat  loa  of  insert  lax  cbaraclerlsllc 
after  Val  axinx.  It  aas  cnaflrfesl  llul  IV  ana  tsta 
nos  I  In  cable  bas  X'aol  stable  insert  I  MX  cbnrnclnrtsl  »cs. 


laser! lax  rbaraelertsl ie  of  a  I.HOOn  irnxtb  ontlcal 
fiVr  aail  aa*  Intfslixaind  after  IV  cabin  aas  Install 
ed.  IV  SHU*  Imxlb  mbln  aax  axhnrleelally  installed  on 
tV  xroaod  ax  sboaa  ia  flj.S.  TV  cable  aas  tar  and  at 
IV  aiddle  noial  nf  288a,  and  tV  cleveliaa  (Re  bixbt) 
aas  aadn  al  anar  IV  cabin  ends,  TV  tea  Utf  laVx  la 
a  StAIn  leaxth  cable  anre  roaancteo  al  ane  side  of  IV 
cable  end  lo  fern  a  Iba  Inaxtb  Inst  loan  nf  Alf  teV. 

T IX. H  sboas  insert Im  cbnracinrisl  Ir.  TV  Ike  lenxlb 
ontlcal  fiber  anil  aas  sneeessfnl  Ir  laser  led  late  tV 
test  loon  ia  aboei  Sfl  eieetre.  TV  cnanressed  air  nress 
ed  air  nresxare  aas  7,0  kgW. 

After  tV  ontlcal  fiber  nail  un  iaslalled.  tV 
traasaisxioa  rbaraclerlM  |c*  aas  ex  aa  toed  asiax  UTM. 

TV  traasaisfion  loss  nf  50  fibers  aas  araserrd  al  ease 
lenxlbs  of  l.3«e  aad  1.55 Me,  reMnvllxil*.  IVt  of  01 
filers  aas  enasnmd  al  a  aasnleaxtb  «f  l..1;ie.  V  M« 
aiftcaal  loss  increase  aas  obvrsed  for  bolb  SO  aad  fit 
fiVrs  loenared  a i lb  Vfore  insert  tax. 


y> 1M 

1 _ / 


3Mn 


Ftp. 5.  Scheme  of  experimental  installation  of 
tha  cable. 


Fig. 4.  Inserting  characteristics  on  rolle-  up 
cable  before  and  after  heat  aging. 


Fig. 6.  Insariir  ;j  characteristic  on  experimentally 

in»  .  iu  v.  v*' . 
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The  Jointing  of  the  new  composite  cubic  wns  evwnln 
H.  There  are  two  cate*  af  cable  Jointing. 

Case  I.  A  ontfral  fiber  wall  passes  through  Ibe  cable 
Joint  allbowl  fiber  fwsloa  splices. 

Cabs  2.  A  cable  Joint  contains  fiber  fnsion  splices. 

It  «as  ekperiaenlally  confirmed  Ibal  the  conventional 
•etallic  conductors  coowwiicatloo  cable  Jointing  aetbod 
cap  be  spelled  lu  (be  jointing  of  Ibe  act  cc^poslle  ca¬ 
ble  la  Ibe  case  I,  la  the  ease  2.  three  coanoraeals. 
•bleb  are  aetalllc  eundwetnr  Jolats.  A&F  iwbe  coaaec 
tioas  a ad  optical  fiber  fwsloa  splices,  are  aessesarr  la 
a  cable  Joint.  It  this  case,  the  Jointing  aetbod  us  lax  a 
closare.  which  are  widely  applied  to  optical  fiber  cable 
.  wax  esaaiaed.  It  »as  confirm*  that  the  Jointing  la 
the  case  2  Is  posi Tbit  by  using  the  cloaswre  shwo  la 
Photo. 3. 


Photo. 3.  Jointing  of  the  cable  using  a  clousre. 


Xs_Co«ielufyjMi_ 

tc  have  develupetl  a  new  k i ml  of  eoaposile  roanunicn 
tioo  cable  .pplyin*  (lie  AI!F  leclmlipie.  which  integrates 
aetalllc  conductors  with  AHF  tubes. 

It  aas  cooflraed  that  the  lie*  vonposit"  cable  has  good 
el ect c ioii I  ami  accbaniciil  character  1st  les.  ami  that  the 
optical  fiber  milt  can  Ik*  successfully  inserted  into 
the  cable  u,  to  I.OOOn. 

riie  lies  runposite  cable  lias  various  mlvniituxes  coo 
piiretl  suit  conventional  optical  fibersfnetnllir  con 
iliielors  minims  lie  cables.  Tills  cable  is  useful  for 
•elnllii*  comliiclors  tcnnsalssion  systens  sliieli  sill 
eliaioce  to  optical  filters  trunsalssion  systeas  hi  Up* 
future. 


Reference 

(I)  S.  II  Kano  el  nl..  "A  STUDY  UN  DESIGN  UF  UINPUSITE 
I  ’ABLE  UlNTAINlNli  OPTICAL  FIBER  AND  MULTI  PAIRS". 
Pl'IIC.  of  SGtli  lies.  1337, 

12)  S.A. Cassidy  el  tsl..  "  A  radically  new  approach  In 
instil llal iuii  of  optical  fibers  us i lie  the  viscous 
Hot  of  air".  I'roc.  of32  Ibe  IWCS.  1!M. 
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LOW  SMOKE,  FIRE  RETARDANT  CABLE  JACKETS  BASED  ON  ETHYLEm VINYLACETATE  AND 

HYDROGENATED  NITRILE  RUBBER 

Hermann  Meisenhoimer 


Rubber  Division,  Bayer  AG,  D-5090  Leverkusen,  FRG 


Summary 

Lovapren,  a  copolymer  of  othylcn  and 
viny'acehPke  (EVM)  and  Therban,  a  hy¬ 
drogenated  copolymer  of  butadieneand 
acrylonitrile  (IINBR)  help  to  meet  the 
requirements  for  firo  retardant,  non 
corrosive  cables.  They  posses  high  tem¬ 
perature  resistance  and  high  oil  resis¬ 
tance.  Compounds  based  on  these  poly¬ 
mers  can  pass  fire  tests  and  the 
combustion  gj^os  are  within  the  toxicity 
index  requirements  of  NES. 


Introduction 

In  case  of  fire  conventional  cables 
form  a  large  amount  of  smoke  (obscure 
escape  routes  and  firo  service  approach 
routes)  and  cause  severe  secondary  damage 
by  releasing  corrosive  gases  (corrosion 
of  equipment  and  buildings). 

Hence  materials  are  now  demanded  which 
have  less  serious  effects  in  a  fire. 

These  fire  £ctardant  non-£orrosive 
(FRNC)  materials  have 

-  fire  retardance 

-  low  smoke  density  in  case  of  fire 

-  non  corrosive  smoke 

-  very  low  concentration  of  hazardous 
gases 

EVM  as  base  for  FRNC  cables 
High  fire  retardance 


Polymer 

Canpound  type 

Dmax.corr, 

EVM 

FRNC 

120 

SBR 

with  chlorinated  paraffin 

750 

EPR 

with  chlorinated  paraffin 

400 

PVC 

with  OOP 

800 

PVC 

with  pivosphate 

950 

C R 

with  chlorinated  paraffin 

950 

CR 

lew  stroke 

350 

C3P 

with  chlorinated  paraffin 

750 

CSP 

lew  stroke 

250 

CPE 

with  chlorinated  paraffin 

750 

CPE 

lew  stroke 

250 

Smoke  densities  of  various  cable 
compounds.  Smoke  density  D 
according  ASTM  D  662  E  max.corr 
(flaming  mode) 
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Low  concentration  of  hazardous  oases 

According  to  NE5  713 
(Naval  Engineering  Standard) 

Toxicity  index 

SVM  FRNC  Limit 

1  <•  5 

According  to  RATP  Specification  K  20/ 
Annexe  19  (Regie  Autonome  den  Transports 
Parisians) 

Toxicity  index 

EVM  FRNC  Limit 

39  >:  100 

Low  eorroslvnoss  of  combustion  gases 

According  to  DIN  57  472,  Spec.  EVM-FUNC 
(Part  813)  VDE  0207 

Part  24 

pli  value  of  t)«  water  »  3,5  4,3 

Conductivity  of  tlio  water 

(nS/cm)  «.  100  31 


Good  oil  resistance 
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PROPERTIES  OF  FRNC  CABLE  JACKETS  BASED  ON  EVM 
BEHAVIOR  UNDER  FIRE  CONDITIONS 


Conventional  thermoplastic  cable  Cables  w'th  EVM  thermoset  jacket 

black  smoke  formation  nearly  no  smoke  visible 

flame  app.  250  cm  after  10  mins  flame  app.  30  cm  after  10  mins 
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Characteristics  of  EVM  FRNC  compounds 

-  Polymers  with  fire-retardant  behavior 
In  combination  with  ATM#  which  Impro¬ 
ves  with  their  VA-centent. 

-  Low  smoke  gas  density, 

-  High  limiting  oxygen  index  (LOI) 
values. 

-  Low  concentration  of  hazardous  gases. 

-  Low  corrosivness  of  combustion  gases. 


Polymer  EVM  EVM  iinor  hndr  Spec, 
base  (704  (704  (344  ACM)  (434  ACN)  NFS  518 
VA)  VA) 

1>NBR 

(344ACN) 

T S  (MPa)  11.7  10.7  13.8  14.9  >8.0 

E8  (4)  220  230  270  240  >200 

II  (Sh.A)  75  78  76  78 


Good  oil  resistance. 

Good  heat  ageing  properties. 

HNBR/EVM  AS  BASE  POLYMERS 
FOR  CABLE  JACKETS  ACC.  NES  518 


Tear  (H/ntn)2.1  3.9  5.8  5.1  >5.0 

ASTM  D  470 

Ozone  tost 

Ozone  resistance  of  evm  and  IINBR 
coble  sheaths 


Navy  cables  need  good  flame  retardation 
and  high  mechanical  properties.  To  with¬ 
stand  cnvlrcMontal  attack  good  ozone 
resistance  and  resistance  to  various 
fluids  are  required. 


Elongation:  40  4,  Ozone  concentration: 
100  ppm,  Duration  of  exposure:  5  days 

No  cracks  for  all  samples,  all  samples 
pass  the  test. 


Cable  jackets  for  fire  retardent  cables 

EVM  (70  4  VA)  (1)  100.0  50.0  - 

HNOR  (34  4  ACN)  (2)  -  50.0  100.0  - 

HNBR  (43  4  ACN)  (3)  -  -  -  100.0 

stabilizor  (4)  3.0  3.0  - 

Silane  (5)  2.0 

ATI!  (6)  190-0 

Zinc  stearate  1.0 

Zinc  borate  10.0 

Antioxidant  SDPA  (7)  1,9 

Dioctylsebacate  6.0 

TRIM  0.7 

Peroxide  (8)  6.0 

Total  parts  319.7  319.7  316.7  316.7 

(1)  Levapren  700  HV,  Bayer  AG/FRG 

(2)  Hxsrban  1707,  Bayer  AG/FRG 

(3)  Hxirban  2207,  Bayer  AG/FRG 

(4)  Rhenogran  P  50,  R)tcln-Chcmlc/FRG 

(5)  Ucarsil  RC-1,  UCC/CH 

(6)  Anyral  B  120,  Bayer  AG/frg 
(7j  Vulkariox  BOA,  Bayer  AG/FRG 
(8)  Perkadox  14/40,  AK20/FRG 


Cold  bend  tost 
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Results  of  flame  test 


!J$.“  sK^orf^oJsss^astfssphSsjaf^oiMH"' «  «* 

by  this  or  any  other  material  under  actual  fire  conditions. 


Polymer  base 

EVM  (70  \  VA) 

EVM  (70  %  VA)/ 
HNDR  (34  %  ACN) 

HNDR 
(34  \ 
ACN) 

HNDR 
(43  % 
ACN) 

Spec. 
NES  518 

LOI  acc.  ASTM  D  2863  (S) 

41 

43 

42 

45 

5.  29 

Temperature-Index 
acc.  NES  715  <*C1 

330 

300 

290 

310 

>  250 

Toxicity-Index 
acc.  NES  713 

1.0 

1.9 

3.2 

3.7 

t  5.0 

Smoko  Density,  NDS  Chamber 

acc.  ASTM  E  662-83 

non  flaming  <»wax.corr.) 

200 

180 

170 

120 

flaming  ( 0 Bax.coct,> 

170 

110 

250 

ISO 

Corrosivity  of  smoko 
acc.  VDE  0472  Part  813 

3.8 

4.2 

8.3 

8.5 

pH-valuo 


Characteristics  of  HNDR  FRNC  Compounds 

-  Polymers  with  fire-retardant 
behavior  in  combination  with  ATII 

-  low  smoko  formation 

-  low  smoko  gas  density 

-  high  limiting  oxygen  index  (LOX)  values 

-  excellent  oil  resistance 


The  conditions  of  your  use  and  application  of  the  products  and  information  (whether 
verbal,  written,  or  by  way  of  production  evaluations),  including  any  suggested  formu¬ 
lations  and  recommendations,  ore  beyond  our  control.  Therefore,  it  is  imperative  that 
you  teat  the  products  and  information  to  determine  to  your  own  satisfaction  whether 
they  are  suitable  for  your  intended  uses  and  applications.  This  application  -  specific 
analysis  at  least  must  include  testing  to  determine  suitability  from  a  technical  as 
well  as  health,  safety  and  environmental  standpoint.  Such  testing  has  not  necessarily 
been  done  by  Mobay  or  affiliates.  All  information  Is  given  without  warranty  or  guarantee. 
Mobay  Corporation  and  its  afflli. tes  disclaim  any  liability  in  negligence  or  otherwise, 
incurred  in  connection  with  the  use  of  the  products  and  information.  Any  statement  or 
recommendation  not  contained  herein  is  unauthorized  and  shall  not  bind  Mobay  corporation 
or  its  affiliates.  Nothing  herein  shall  be  construed  os  a  recommendation  to  uso  any 
product  in  conflict  with  patents  covering  any  materials  or  its  use.  No  license  is 
implied  or  in  fact  granted  under  the  claims  of  any  patent. 


Dr.  Hermann  Meisenheimer  Is  in  the  Rubber 
Business  Group,  Application  Technology 
Section,  Rubber/Rubber  Chemicals,  Bayer  AG. 
He  attended  the  University  of  Cologne/German 
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He  is  presently  the  Manager  of  Technical 
Services  for  Wire  and  Cable  with  Bayer  AG. 
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DESIGN  AND  MEASUREMENT  OF  CONSTRUCTING  TENSILE  FORCE 
XN  AERIAL  CARLE  SUSPENSION  LINE 


T.  S.  L»i,  C.  T.  Tseng,  II.  K.  Peng,  C.  T.  Chang,  Y.  J.  Huang 

TELECOMMUNICATION  LABORATORIES,  DIRECTORATE  GENERAL  OF 
TELECOMMUNICATIONS,  MINISTRY  OF  COMMUNICATIONS,  R.  0.  C. 


Abstract 

A  personal  computer  program  used  for 
calculating  the  constructing  tensile 
force  of  an  aerial  cable  suspension  line 
is  presented  in  this  paper.  It  is  based 
on  the  theory  of  cable  mechanics.  Wind 
loading  used  for  design  in  calculated 
according  to  ANSI  provisions.  The  basic 
design  wind  speed  map  for  Taiwan  area 
with  ••etorn  period  of  50  years  is  used 
to  calculate  velocity  pressure. 

A  field-measuring  instrument  hac 
been  net  up  to  improve  the  construction 
quality  of  the  aerial  cable  structure 
system.  A  cable  vibration  counter  has 
been  designed  and  used  to  measure  the 
tensile  force  of  the  suspension  line. 


1.  Introduction 

The  aerial  cable  structure  systems 
are  constructed  outdoors,  so  they  are 
usually  affected  by  the  soil  bearing 
capacity  and  the  natural  forces  such  as 
typhoon,  earthquake  etc.  According  to 
our  Investigation,  40,369  telecommuni¬ 
cation  poles  were  overturned  and  15,644 
telecommunication  poles  were  broken 
during  four  typhoons  from  1986  to  1907 
in  Taiwan  area.  The  data  are  shown  in 
Table  1. 

Based  on  our  research,  there  are 
three  major  reasons  causing  these 
damages.  They  are  : 

ID  The  flexural  strength  of  the  poles 
is  not  strong  enough.  When  wind 
blows,  the  bending  moment  in  poles 
induced  by  wind  pressure  is  larger 
than  the  flexural  strength  of  the 
poles,  then  the  poles  break. 

(2)  The  shearing  strength  of  soli  is  not 


strong  enough,  or  the  buried  depth 
of  the  poles  is  not  deep  enough,  or 
reinforced  members,  e.g.  buried  log. 
guy,  strut  and  guy  anchor  etc.,  are 
not  properly  designed.  The  poles 
will  overturn  when  wind  pressure  act 
on  poles  and  cables. 

(3)  The  diameter  of  the  suspension  lines 
of  cables  are  too  small,  or  the  sags 
of  them  are  not  adjusted  to  a  proper 
value,  then  the  suspension  lines 
will  break  when  tensile  force 
induced  by  the  wind  pressure  is 
larger  than  their  tensile  strength. 


2.  Constructing  tensile  force 
design  for  suspension  line 

There  are  two  groups  of  aerial  cable 
systems  classified  according  to  purpose 
of  usage.  One  is  called  local  aerial 
cable  system  which  is  constructed  in 
city  or  suburban  area.  It  is  not  impeded 
by  topography  and  the  span  between  two 
poles  is  generally  from  20  to  50  meters. 
The  other  is  called  flying  cable  system 
(or  long-span  aerial  cable  system)  which 
is  constructed  in  mountain,  forest  or 
valley  etc.  Owing  to  characteristics  of 
topography,  the  span  between  two  poles 
17  usually  from  100  to  500  meters. 

There  is  very  large  tensile  force  in 
cable  systems  due  to  gravity  force  and 
wind  force.  This  tensile  force  must  be 
taken  by  the  suspension  line.  There  are 
two  types  of  cables  used  in  aerial  cable 
systems.  One  is  self-supporting  cable 
which  is  combined  supporting  line  and 
cable  together.  The  other  is  round-cable 
which  is  supported  by  a  suspension  line. 
The  material  of  suspension  line  is 
galvanized  steel  wire  strand.  In  local 
aerial  cable  system,  the  round-cable  and 
suspension  line  are  bound  together  by 
stainless  or  aluminum  alloy  lasbingwire. 
But  in  the  flying  cable  system,  it  is 
impossible  to  use  this  method  to  bind 
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cable  and  suspension  line  together.  We 
design  a  figure-8  shaped  suspension  line 
clamp.  One  end  is  fixed  at  the  sup¬ 
porting  line  of  self-supporting  cable. 
The  other  end  is  hooked  at  the  sus¬ 
pension  line  (c**i  Fig.i).  The  cable  is 
moved  along  the  suspension  line  from 
one  end  to  the  other  end  just  like 
drawing  the  curtain. 


3.  Design  theory 

The  tensile  force  of  suspension  line 
is  calculated  based  on  the  theory  of 
cable  mechanics.  The  tensile  force  of 
the  suspension  line  is  highly  related 
to  the  sag  of  cable,  the  strength  of 
suspension  line  which  is  different 
according  to  its  diameter  and  material, 
and  the  design  wind  speed  which  is  dif¬ 
ferent  by  area.  To  avoid  the  tensile 
force  of  the  suspension  line  exceeding 
its  safety  limit,  or  the  sag  being  too 
large  such  that  the  cable  severely 
swings  in  the  wind,  we  should  make  rea¬ 
sonable  tension  design  of  the  suspension 
line. 

There  are  two  conditions  consid¬ 
ered  in  the  design  loads  (  Including 
gravity  load,  wind  pressure  and  tempera¬ 
ture  effect  )  of  suspension  line.  The 
first  condition  is  the  worst  condition 
which  occurs  at  the  time  of  typhoon 
attacking  in  the  summer.  The  second 
condition  is  working  condition  which 
occurs  at  the  time  of  suspension 
line  being  constructed.  The  fundamental 
principle  of  suspension  line  design 
is  :  under  the  maximum  allowable  tensile 
force  which  suspension  line  can  sustain, 
the  sag  of  it  must  be  kept  in  minimum 
value.  Based  on  this  principle,  we 
always  let  the  design  tensile  force 
of  suspension  line  at  worst  condition 
equal  to  its  maximum  allowable  tensile 
strength,  and  then  calculate  the  tensile 
force  and  sag  of  suspension  line  at 
working  condition. 

Let  the  worst  condition  be  the  first 
condition,  and  the  horizontal  component 
of  allowable  tensile  force  of  suspension 
line  is  Tl,  uniform  load  is  Wl,  and  tem¬ 
perature  is  tl.  Let  the  working  condi¬ 
tion  be  the  second  condition,  and  the 
horizontal  component  of  tensile  force  of 
suspension  line  is  T2,  uniform  load  is 
W2,  and  temperature  is  t2.  The  horizon¬ 
tal  component  of  tensile  force  of  sus¬ 
pension  line  at  working  condition  is 
obtained  by  solving  the  following 
equation : 


T  *  -  <  K  -  A  ■  E  •  t  )  •  T  *  -  H  ■  0  (1) 


where 

H»A-K*vI*S»/2-l 

K»T“A*K*V»  .S»/2-«Tr 

A  ■  crosss  section  area  of 
suspension  line  tm  1 

E  »  Young's  modulus  of  suspension 
line  tkg/mtf  > 

S  ■  horizontal  span  of  two  ends  of 
suspension  line  (m  > 

a  ■  coefficient  of  thermal 

expansion  of  suspension  line 

At  the  time  of  construction,  the 
maximum  sag  (flat  suspendsion  line)  or 
inclined  sag  (inclined  suspension  line) 
of  suspension  line  is 

h.«v..s*/ttT.  (2) 

the  actual  length  of  suspension  line  is 

.s*/2arI-H*/as  (3) 

where 

H  ■  latitude  difference  of  two 
ends  of  suspension  line 

T2,  h2,  L2  are  the  data  which  de¬ 
signer  should  calculate  before  suspen¬ 
sion  line  was  constructed. T, -T^/r,  Tu 
Is  the  tensile  strength  of  the  galva¬ 
nized  steel  wire  strand,  f  is  the  safety 
factor,  f»2.0. 

The  uniform  load(H)  per  unit  length 
of  the  suspension  line  is  the  resultant 
vector  of  weight  per  unit  length  of 
cable(Wc),  weight  per  unit  length  of 
suspension  line  (Ws)  and  wind  pressure 
per  unit  length  acting  on  cable  and 
suspension  line  (Ww),  then 
v  ■ 

In  the  past,  we  used  the  following 
formula  to  calculate  the  wind  pressure 
per  unit  length  of  cables. 

V»«0 . 0007 v • • d  (4) 

where 

V  =  design  wind  speed,  40m/sec  is 
used  in  the  suburban  area, 
28m/sec  is  used  in  city. 

D  »  projective  widths  of  cable 
and  suspension  line  against 
the  wind 

According  to  the  recent  research, 
wind  pressure  is  changed  depending  on 
the  structure  characteristics  and  wind 
speed  which  is  different  by  area,  type 
of  exposure  and  height  of  the  structure, 
so  equation  (4)  is  not  resonable. 
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Based  on  codes  In  "  American  Nation¬ 
al  Standard  Minimum  Design  Loads  for 
Building*  and  Other  Structures  "  pub¬ 
lished  by  ANSI  in  1982,  the  wind  pres¬ 
sure  per  unit  length  acting  on  cable  and 
suspension  line  should  be 

•» .0 (a) *c,  •»  (5) 

where,  q(z)  is  the  wind  velocity  pres¬ 
sure  of  different  structure  and  differ¬ 
ent  type  of  exposure  at  z  meters  height. 

GUI  is  gust  response  factor  which 
is  considered  the  variation  of  wind 
pressure,  area  correlation  of  wind  pres¬ 
sure  and  dynamic  effect  induced  hy  wind 
acting  on  structure.  Cf  is  wind  pressure 
coefficient  depending  on  the  roughness 
of  structure  surface. 

Wind  velocity  pressure  q(zl  is  cal¬ 
culated  by  the  following  formula  (unit  : 
kgf/s*  ) 

S. . ,  «0. 0025-K C  * )  .  r  l  *  V,  .  (c)  1  •  (6) 

where 

■  2.774  (■/.✓'/.•)  *  *  £>  3  ■ 

X  <  r. )  »  | 

‘2. 77-i  C0/Z. >  *  -  X<  ■  5  « 


V10(c)  ■  basic  design  wind  speed 
of  50  years  return 
period  calculated  by 
statistic  method 

I  ■  importance  factor  which 

multiplied  by  V10(c)  may  get 
basic  design  wind  speed  of 
25  years  or  100  years  return 
period,  see  Table  2. 
Generally,  the  life  time  of 
aerial  cable  system  is  about 
20  years,  so  we  use  25  years 
return  period  as  standard, 
that  is,  I»0.91. 

Type  of  exposure:  based  on  the 
characteristics  of  ground 
exposure,  exposure  conditions 
are  typically  divided  into 
four  types,  see  Table  3. 

zg,a  s  depending  on  type  of  type 
of  exposure,  see  Table  4. 

Gust  reponae  factor  G(z)  is  calcu¬ 
lated  by  the  following  formula 

0  <*> -O.  80-5T  (s)  17'. 


Where 

T<c)«2.?5  nr.  /t7,/lQl- 

0<» :  stir  fof,.  dr.ni  *‘<«ef  f  if  if  nt , 
depends  «*n  the  type  «f 
exposure,  see  Table  4. 

r*f :  Wind  f«ree  eoeffinent. 

depends  «»n  the  roughness  «f 
slruflure  surface,  sew 
Table  r». 


4.  Design  example 

Basing  on  the  above  theory,  three 

examples  are  given  in  the  following. 

(1)  Constructing  local  aerial  cable 
system  in  HSINCIIU  area,  where  basic 
design  wind  speed  of  50  years  return 
period  V10(c)*35.81m/«ec  and  the 
type  of  exposure  in  using  is  type  B. 
Cable  suspended  Is  CCP-LAP-0.5-100P 
self-supporting  cable,  whose  sup¬ 
porting  line  is  22  galvanized 
steel  wire  strand.  Suspension  height 
is  5.1  meters.  Working  temperature 
is  5  T;  ,  20  X;  »  and  35  t!  respec¬ 
tively.  Span  is  from  20  to  50 
Rasters.  And  no  other  suspension  line 
is  suspended.  The  relation  between 
span  and  sag  at  working  condition  is 
shown  in  Fig.  2.  The  relation  be¬ 
tween  span  and  tensile  force  at 
working  condition  is  shown  tn 

Fig.  3. 

(2)  Constructing  local  aerial  cable 
system  in  CHIAYI  area,  where  basic 
design  wind  speed  of  50  years  return 
period  V10(c>»31.58m/see  and  the 
type  of  exposure  in  using  is  type  C. 
Cable  suspended  is  CCP-LAP-0.5-50P 
round-cable.  Suspension  height  is 
5.1  meters.  Working  temperature  is 

5  XJ  ,  20  Xl  ,  *nd  35  Xl  respectively. 
Span  is  from  50  to  100  meters.  Sus¬ 
pension  line  is  35  galvanized 
steel  wire  strand.  The  relation  be¬ 
tween  span  and  sag  at  working  con¬ 
dition  is  shown  in  Fig.  4.  The 
relation  between  span  and  tensile 
force  at  working  condition  is  shown 
in  Fig.  5. 

(3)  Constructing  flying  cable  system  in 
ALI  mountain  area,  where  the  basic 
design  wind  speed  of  50  years  return 
period  V10(c)B22.97m/Bec  and  the 
type  of  exposure  in  using  is  type  C. 
Cable  suspended  is  CCP-LAP-0.5-100P 
self-supporting  cable,  whose  sup¬ 
porting  line  is  22  galvanized 
steel  wire  strand.  Suspension  height 
is  5.1  meters.  Working  temperature 
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i*  5  tl  <  20  t3  «  And  35  t2  respec¬ 
tively.  Span  ia  from  100  to  300 
meters.  And  suspension  lino  ia  55 
galvanized  ateel  wire  atrand. 

The  relation  between  apan  and  aag  at 
working  condition  ia  ahown  in  Pig. 
6.  The  relation  between  apan  and 
tenaile  force  at  working  condition 
ia  ahown  in  Pig.  7. 


5.  Me* au ring  instrument  for  construction 
---cable  vibration  counter 


If  the  auapenaion  line  ia  too  looae 
,  the  aag  will  be  too  large  and  the 
cable  will  severely  awing  in  the  wind. 

Xt  ia  very  dangeroua.  If  the  auapenaion 
line  ia  too  tight,  the  tenaile  force  of 
the  auapenaion  line  will  exceed  ita 
tenaile  atrength.  Xt  will  break  when 
typhoon  ia  attacking.  Therefoe,  the 
tenaile  force  of  the  auapenaion  line 
at  working  condition  must  be  calculated 
baaing  on  Eq.(l)  and  measured  with  ten¬ 
sion  meter  during  construction,  but,  it 
is  not  convenient  to  use  tension  meter 
in  situ,  so  we  developed  a  photo-sensing 
cable  vibration  counter,  according  to 
the  theory  of  cable  vibration,  to  meas¬ 
ure  the  tenaile  force  of  the  suspension 
line. 

According  to  the  theory  of  cable 
vibration,  the  frequency  f  of  each  vib¬ 
ration  mode  ia 


— •  ?  *  «  2  ■  <  -Un  — ) 

N*  -  - 


(8) 


where 


r  •  **•  r  •  i  /  nrr« 

I  *  horizontal  span  of  two  ends 

of  suspension  line 
m  «  mass  per  unit  length  of 
cable  and  suspension  line 
(Kg/m) 

II  *  tensile  force  of  auapenaion 

line 

*  *  *  (  n  •  k  •  I  /  II)  "  •  I  /  <  It  ■  I.  (i  /  E  •  A  ) 


According  to  this  principle,  we  de¬ 
signed  and  manufactured  a  cable  vibra¬ 
tion  counter  which  ia  composed  of  timer, 
counter,  12V  OC-battery,  photo  sensor, 
optical  fiber  and  supporting  frame.  The 
prototype  of  the  device  ia  ahown  in 
Pig.  8. 

We  made  a  aeries  teats  in  the  fol¬ 
lowing  two  conditions  in  our  civil  engi¬ 
neering  laboratary  to  check  this  instru¬ 
ment.  The  device  for  exerting  tenaile 
force  is  a  10-ton  tension  machine  shown 
in  Pig.  9.  The  operation  of  tensile 
force  control  ia  ahown  in  Pig.  10.  The 
tenaile  force  exerted  on  auapenaion  line 
ia  500kg,  60Qkg,  ...,  1200kg  respective¬ 
ly,  and  we  made  ten  testa  for  each  con¬ 
dition.  The  operation  of  vibration  fre¬ 
quency  measurement  ia  shown  in  Pig.  11. 

(1)  A  IW  galvanized  steel  wire  atrand 
having  a  mass  per  unit  length  of 
0.366kg/m  is  suspended  with  apan  of 
21.6m.  The  cross  section  area  of 
ateel  wire  ia  46.24**/  .  The  young's 
modulus  ia  17,500  kgf/x*/  .  The  teat 
results  are  ahown  in  Ta’ole  6. 

(2)  A  45n*/  galvanized  ateel  wire  atrand 
having  a  mass  per  unit  length  of 
0.366kg/m  and  a  CCP-JF-LAP-S*  round- 
cable  having  a  mass  per  unit  length 
of  0.366kg/m  are  blnded  together  by 
lashing  wire  ia  suspended  with  span 
of  21.6m.  The  test  results  are  ahown 
in  Table  7. 

From  the  above  results,  it  is  evi¬ 
dent  that  the  vibration  number  per  15 
seconds  measured  by  our  instrument  are 
very  much  coincided  with  the  theoretical 
value  of  Eq.(B),  and  they  are  very 
stable.  When  measuring  the  tensile  force 
with  this  instrument,  the  aerial  cable 
system  will  not  be  damaged.  It  is  an 
nondeatrutive  teat.  Since  this  inatru¬ 
ment  ia  light,  portable  and  not  expen¬ 
sive,  it  is  worthy  to  be  widely  used  In 
situ. 


L  o  «  l  •  fl-lB'S" 

When  we  exert  a  transverse  man-mado 
force  on  auspenaion  line  to  make  it  vi¬ 
brate.  the  frequency  of  first  vibration 
mode  is  the  lowest  and  easier  to  be 
excited,  and  the  magnitude  is  aaximum  at 
the  middle  of  the  line.  Therefsre,  when 
the  vibration  of  the  suspension  line  is 
stable,  the  first  vibration  mode  of  the 
suspension  line  can  be  obtained.  At  this 
moment,  we  use  the  cable  vibration 
counter  to  measure  the  vibration  number 
per  unit  time  (generally  15  seconds)  at 
the  middle  of  the  span,  and  the  tensile 
force  is  solved  by  using  Eq.(8). 
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Fig.  i  Figue-8  shaped  cl«»p 


Fig.  3  Constructing  tensile  force  of 
32  iV  steel  wire  strand 


Fig.  2  Constructing  sag  of  22  ns* 
steel  wire  strand 


Fag.  4  Constructing  sag  of  35  ns* 
steel  wire  strand 
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fig.  5  Constructing  tntllt  f ore*  of 
35  f*t  ataal  wir«  strand 


rig.  t  Conatructing  aag  of  55 
at««l  wire  strand 


SPAN  m> 

Pig.  7  Conatructing  tanall*  fore*  of 
55  no’  ataal  wire  strand 
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<m>»iooN 

WAYNE 

(1906,0) 

ADD* 

(1906,9) 

GERALD 

(1967,9) 

LYNN 

(1907,10) 

AREi'V  ' 

OVERTURNED 

UROKEN 

OVERTURNED 

UROKEN 

OVERTURNED 

BROKEN 

OVERTURNED 

BROKEN 

NORTH 

TAIWAN 

36 

10 

375 

57 

46 

34 

176 

61 

MIDDLE 

TAIWAN 

11010 

0925 

6762 

2072 

165 

43 

15 

3 

SOUTH 

TAIWAN 

5940 

1504 

6415 

1451 

9305 

1479 

39 

H 

SUM 

16991 

10447 

13552 

3500 

9596 

1556 

230 

64 

Tabic  1  Data  o£  damaged  poles 


RETURN  PERIOD 
(years) 

IMPORTANCE  FACTOR 

I 

25 

0.91 

50 

1.00 

1 

1.10 

Table  .  Ioportance  Factor,  I 


EXPOSURE 

a 

Zg(ra) 

Do 

A 

0.36 

500 

0.025 

B 

0.25 

400 

0.010 

C 

0.15 

300 

0.005 

D 

0.11 

233 

0.003 

EXPOSURE 

CHARACTERISTICS  OF 

GROUND  SURFACE 

A 

Large  city  centers  with  at 
least  50x  of  the  buildings 
having  a  height  in  excess 
of  20  meters. 

B 

Urban  and  suburban  areas, 
woods  area,  or  other 
terrain  with  numerous 
closely  spaced  obstructic  ■ 
having  the  size  of  single 
family  dwellings  or  larger. 

C 

Open  terrain  with  scattered 
obstructions  having  heights 
generally  less  than  10 
meters. 

D 

Flat,  unobstructed  coastal 
areas  directly  exposed  to 
wind  flowing  over  large 
bodies  of  water. 

Table  3  Type  of  Exposure 


Table  4  a  >  Zg ,  and  Do  in  different 
exposure  type 
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Roughness  of  surface 

Cf 

NOTE 

BBBD 

D  4  «i »  •  •  ^  1  «  *i 

smooth  rope,  pole  and  pipe 

1.2 

0.5 

0:  DIAMETER 
(ml 

q(2):  VELOCITY 
PRESSURE 
(kgf/rf  1 

moderately  smooth  rope,  pole 
and  pipe 

1.2 

0.7 

thin  cable  and  wire 

1.2 

0.9 

thick  cable  and  wire 

1.3 

1.1 

Table  5  Wind  force  coefficient,  C £ 


TENSILE 

THEORETICAL 

TEST  DATA 

FORCE 

DATA 

(kgf) 

(times) 

(times) 

500 

40.06 

40.5 

600 

44.45 

44.5 

700 

47.05 

47.5 

000 

51.05 

51.0 

900 

54.00 

53.5 

1000 

56.96 

56.5 

1100 

59.71 

59.5 

1200 

62.35 

62.0 

Table  6  Comparison  o £  vibration  number 
per  15  seconds  of  test  data 
and  theoretical  data  of  steel 
wire  strand 


TENSILE 

FORCE 

(kgf) 

THEORETICAL 

DATA 

(times) 

TEST  DATA 

(times) 

500 

20.96 

30.0 

600 

31.72 

32.5 

700 

34.27 

34.5 

000 

36.63 

37.0 

900 

30.05 

39.0 

100G 

40.95 

41.0 

1100 

42.95 

42.5 

1200 

44.06 

44.5 

Table  7  Comparison  of  vibration  number 
per  15  seconds  of  test  data 
and  theoretical  data  of  steel 
wire  strand  bound  with  round 
cable 
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Summary. 

The  monitoring  of  attenuatit  changes 
during  cable  pull  testa  is  generally 
considered  to  be  sufficient  for  the 
evaluation  of  the  tensile  strength  of 
fiber  optic  cables.  However,  this 
measurement  provides  only  indirect  insight 
into  the  fiber  strain  conditions  while  the 
cable  is  subjected  to  tensile  stress.  The 
dependence  of  the  fiber  elongation  on  the 
cable  design  and  the  relation  between  the 
attenuation  and  the  fiber  elongation  is 
investigated  experimentally.  It  is  shown 
that  the  measurement  of  fiber  strain  must 
be  included  in  a  cable  pull  test  so  as  to 
ensure  adequate  fiber  lifetime. 


Introduction. 

The  design  of  fiber  optic  cables  must 
be  selected  so  as  to  meet  the  required 
pulling  load.  The  expected  lifetime  of  the 
optical  fiber  must  not  be  reduced  by  the 
forces  applied  to  the  cable  during 
installation  ,'nd  operation.  The  fiber 
strain  resulting  from  cable  bending  and 
pulling  should  be  limited  cc  a  certain 
fraction  of  the  mechanical  fiber  proof 
test  level.  However,  optical  cable 
qualification  testing  generally  docs  not 
include  the  direct  measurement  of  fiber 
strain.  Instead,  according  to  IEC  794-1- 
El,  the  change  of  fiber  attenuation  is 
measured  and  limited  to  a  certain 
permitted  value.  This  increase  in 
attenuation  is  caused  by  macro-  and  micro- 
bending  of  the  fibe-  and  it  is,  at  bent, 
an  indirect  indicator  of  fiber  strain. 
This  paper  suggests  that  the  fiber 
elongation  measurement  be  included  in  the 
fiber  optic  cable  pulling  test.  Different 
fiber  optic  cable  constructions  have  been 
evaluated,  using  a  combination  of 
attenuation  and  elongation  measurements. 


Fiber  lifetime. 

The  long-term  mechanical  reliability  of 
optical  fibers  is  generally  assured  by 
means  of  a  proof  test.  The  prediction  of 


the  probable  lifetime  of  a  length  of  fiber 
after  proof  testing  is  the  subject  of 
various  publications,  c.g.  Ref.  1  and  *. 
The  probable  lifetime  depends  on  the 
environmental  conditions,  of  the  fiber  and 
on  the  applied  stress.  Using  assumptions 
which  arc  applicable  to  telecommunications 
fibers,  the  failure  probability  of  a 
1,000  km  length  of  fiber  in  25  years  is 
less  than  10  ,  provided  that  the  ratio 

between  long-term  residual  stress  and  the 
proof  test  stress  is  about  equal  to  or 
less  than  0.3  to  0.4.  By  the  same 
reasoning,  for  an  8-hour  period  (during 
Installation)  this  ratio  can  be  about 
equal  to  or  less  than  0.5  to  0.6  *.  These 
considerations  apply  for  uniaxial  tension 
on  the  fiber.  The  lifetime  of  a  fiber  in 
bending  is  longer  than  that  predicted  from 
its  strength  in  uniaxial  tension*.  The 
latter  therefore  results  in  a  conservative 
value.  For  example,  after  a  proof  teet 
using  5  N,  which  corresponds  to  an  elon¬ 
gation  of  0.57%,  the  maximum  allowed 
residual  stress  is  1.5  N.  This  corresponds 
to  an  elongation  of  0.17%  or  to  a  bending 
with  a  radius  of  36  mm  over  the  whole 
length  of  a  125  pm  diameter  quartz  glass 
fiber.  The  cable  design  must  ensure  that 
these  values  will  not  be  exceeded  during 
installation  or  service. 


Fiber  excess  length. 

Sufficient  excess  length  of  fiber  in 
the  cable  must  be  provided  so  that  during 
cable  elongation  caused  by  forces  on  the 
cable  or  during  temperature  changes  the 
fibers  will  not  be  strained.  The  cable 
pull  test  must  prove  that  the  required 
fiber  excess  length  is  available  in  the 
manufactured  cable.  The  resulting  fiber 
excess  length  depends  on  the  cable  design 
and  fabrication  tolerances.  Three  main 
designs  have  been  tested:  stranded*,* 
(loose  tube,  Fig.l,  slotted-core.  Fig.  2), 
central  buffer  (Fig.  3)  and  stacked  fiber 
ribbons  in  a  central  tube  (Fig.  4). 

Assuming  that  the  fibers  in  an  un¬ 
stressed  cable  are  in  the  axes  of  the 
tubes,  the  approximate  fiber  excess  length 
can  be  calculated  by  Eq.(l)s: 
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2k*  24*  4*  ,  H 

*  -  u+< —  )  •  t  —  -  (  —  rn  -i  a) 

t  X  X 


wherein  4*  ■  -  Rj, 

R  ■  the  stranding  radius 

R^  ■  the  tube  inner  radius 

R»  «  the  radius  o£  the  coated 
1  fiber 
s  «  the  pitch 

If  more  than  one  fiber  is  placed  into  a 
loose  tube  or  slot,  R,  becomes  the  radius 
of  a  virtual  circle  around  the  fibers. 


In  central  buffer  tubes  the  maximum 
tensile  window  is  limited  by  the  minimum 
allowed  fiber  bending  radius  r  ,  because 
of  lifetime  and  bending  lossniconsider- 
tions*  : 


•  in 


r  .  -  4* 

•  in 


■)  -  1 


(2) 


This  range  of  cxecss  length  is 
attributable  to  two  situations:  the  excess 
length  due  to  cable  expansion  under 
tension  and  temperature  increase  and  the 
excess  length  resulting  from  cable 
shrinkage  as  a  result  of  temperature 
decrease. 


ttniral  number 


Fig.  1.  Stranded  loose  tube  cable  core 


In  a  ribbon  cable  with  a  square  (a  ■  b) 
ribbon  stack  that  follows  a  helical  path 
in  the  core  tube,  as  shown  in  Fig.  4,  the 
stack  excess  length  is  given  by: 


i,  "  t  !  (rt/*r  +  1)  -  1  (3) 

wherein  r  «  the  helical  path  radius  of 
0  the  stack  center 

s  «  the  pitch  of  the  stack 

The  pitch  must  be  chosen  long  enough  to 
keep  the  bending  radii  of  the  outer  fibers 
of  the  stack  sufficiently  large.  The 
maximum  achievable  stack  excess  length 
corresponds  to  the  situation  where  the 
stack  comes  into  contact  with  the  inner 
wall  of  the  core  tube.  In  this  case  the 
following  approximate  relationship  can  bo 
used: 


I  Ml  X 


<». 


«  /4)  -»/2 


(4) 


International  Wire  &  Cable  Symposium  Proceedings  1989  369 


»r*«  i  » 


Fig.  5.  Experimental  set-up  (computer-controlled  pulling  oench) 


Experimental  procedure. 

The  experiments  were  carried  out  on  a 
computer-controlled  pulling  bench  capable 
o£  holding  a  300  m  length  of  cable  with  a 
pulling  force  up  to  15,000  N.  The  tost 
equipment  used  allows  measurement  of  the 
fiber  elongation  and  change  of  fiber 
attenuation  (Fig. 5).  The  measurements  were 
carried  out  on  up  to  16  fibers  at  a  time, 
using  two  l-to-16  fiber  switches  as 
multiplexers.  In  addition,  cable 
elongation  and  pulling  force  were 
monitored.  All  measured  values  were  stored 
and  compared  afterwards. 

The  change  of  fiber  attenuation  A«  and 
fiber  elongation  were  measured  using  an 
optical  fiber  strain  measurement  system, 
capable  of  measuring  the  phase  shift  of 
sinusoidally-modulated  light.  The  phase 
shift  A ^  caused  by  fiber  elongation  is 
given  by: 


In*  f 

A*  - -  (bAL  +  AnL)  (5) 


wherein: 

f  *  modulation  frequency 
c  =  velocity  of  light 
n  =  fiber  refractive  index 
h  =  length  of  fiber 
AL  =  fiber  elongation 
Ab  =  change  of  refractive  index  due  to 
fiber  elongation 


The  first  term  results  from  changes  in 
the  physical  length  of  the  fiber.  The 
second  is  due  to  changes  in  the  refractive 
index  caused  by  the  tensile  stress.  The 
second  term  has  a  negative  sign  and  can  be 
written  approximately  as  0.2  times  the 
first  term*.  Ke  can  therefore  write: 


A  +  ■  —  •  a  •  AL  •  A 
e 

A  ■  0.8 

In  order  to  determine  the  precise  value 
of  A  (which  corrects  for  strain-induced 
changes  of  the  refractive  index) ,  we 
stretched  the  fibers  in  a  mechanical  set¬ 
up  to  mechanically-defined  elongation 
values.  The  elongation  measured  by  means 
of  the  phase  shift  technique  is  depicted 
in  Fig.  6  against  the  mechanically-defined 
true  elongation.  Both  are  in  perfect 
agreement  for  A  *  0.806,  which  holds  for 
the  fiber  types  under  investigation. 

The  refractive  index  is  also  influenced 
by  fiber  bending.  However,  bending-induced 
changes  of  the  group  index  arc  very  small 
and  can  be  neglected  when  compared  to 
those  induced  by  elongation7.  The 
temperature  was  constant  during  the 
measurements  and  it  can  be  shown  that 
pressure-induced  phase  shifts  can  be 
neglected* . 
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Fig.  6.  Measured  elongation  vs.  true 
elongation  (phase  sh.Ct  technique). 


F-xperlmcnttol  reaulta. 


For  the  purpose  of  our  measurements  we 
used  specially-designed  cables  with  low 
fiber  excesc  length  in  order  to  generate 
an  early  onset  of  fiber  elongation  at 
moderate  pulling  forces  and  cable 
elongation.  The  measurement  results  of 
attenuation  change  (normalized  to  ISO  m  of 
fiber)  and  fiber  elongation  as  a  function 
of  cable  elongation  for  the  cable 
constructions  taken  into  consideration  are 
presented  and  compared  hereafter.  Figs.  7, 
8,  9  and  10  arc  representative  curves  of 
the  multiple  fiber  measurements. 


Fig.  7  shows  the  traces  for  a  stranded 
loose  tube  cable  designed  to  have  an 
excess  length  of  0.37%.  The  fiber 
elongation  is  accompanied  by  an  increase 
in  attenuation  due  to  the  fibers  touching 
the  tube  walls  which  generates  micro- 
bending  loss.  The  results  of  a  slotted- 
core  cable  with  a  designed  excess  length 
of  0.32%  exhibits  a  similar  increase  in 
attenuation  and  fiber  elongation  (Fig.  8). 


Fig.  9  depicts  the  results  for  the 
central  buffer  tube  cable  designed  for 
0.2%  excess  length,  h'o  attenuation  change 
was  observed  throughout  this  test.  The 
same  was  found  to  be  true  for  the  ribbon 
cable  (Fig.  10)  where  the  attenuation  docs 
not  change,  even  under  considerable  fiber 
tension.  The  deviation  of  expected  (dotted 
line)  and  measured  (solid  line)  traces  for 
the  ribbon  cable  is  due  to  slippage  of  the 
ribbon  stack  in  the  cable  clamps  of  the 
pulling  bench  at  elevated  forces.  This 
slippage  occurs  because  of  low  friction 
between  the  square  ribbon  stack  and  the 
core  tube  of  the  100  optical  fibers  in  the 
stack  in  conjunction  with  high  applied 
force.  For  the  purpose  of  this  paper  no 
further  attempt  was  made  to  overcome  this 
experimental  problem. 
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Fig.  7.  Attonuetion/clengation  measure* 
ments  (stranded  loose  tube  cable) . 
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Fig.  8.  Attenuation  elongation  measure¬ 
ments  (slotted-  core  cable) . 
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ments  (buffer  tube  cable) . 
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10.  Attenuation/clongstion  measure¬ 
ments  (ribbon  cable). 


The  measurements  show  that  for  the 
stranded  loose  tube  and  slotted-core 
designs  the  fiber  elongation  is 
accompanied  by  an  increase  in  attenuation. 
On  the  other  hand,  for  designs  with  a 
central  tube  (with  fiber  bundles  or 
ribbons)  the  fiber  elongation  con  have 
considerably  high  values  without  any 
change  in  fiber  attenuation.  The  onset  of 
fiber  elongation  during  cable  pulling  can 
be  calculated  for  a  given  cable  design. 

These  values  agree  with  the  results  of 
our  measurements.  It  appears  that  direct 
fiber  elongation  measurement  during  the 
cable  pull  test  is  necessary,  especially 
for  unw.randcd  cable  designs. 


Conclusion. 


3y  measuring  both  the  fiber  elongation 
and  attenuation  the  tensile  behavior  of 
the  cable  with  regard  to  fiber  strain  can 
be  more  thoroughly  understood.  With  this 
knowledge  the  appropriate  cable  and  jacket 
design  e3  well  as  the  required  fiber  proof 
test  level  can  be  selected  for  a  given 
application.  The  measurement  of  only  the 
attenuation  does,  in  several  cases,  not 
even  give  an  indication  of  considerable 
fiber  tension  which  can  reduce  the 
lifetime  of  the  cable.  Only  the  direct 
fiber  elongation  measurement,  as  shown  in 
this  paper,  allows  for  a  comparison  of 
different  cable  designs  with  regard  to 
fiber  strain  and  lifetime. 
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Abstract. 

Economical  optical  liber  cable  production  has  become 
necessary  in  order  to  meet  the  Increasing  demand  ol  optical 
fiber  networks.  One  pre-condition  (or  reducing  cable  costs 
is  an  optimized  handling  o!  quality  assurance  tests  in  optical 
liber  cable  plants.  As  optical  liber  cable  testing  has  been 
more  time-consuming  than  coppercabie  measuring  proce¬ 
dures,  reduction  ol  test  time  is  ol  vital  interest.  Accuracy 
and  reliability  ol  test  results  are  important  objectives  as  well. 

Starting  with  measuring  procedures  which  are  common¬ 
ly  used  tooay  the  requirements  (or  automated  optical  fibre 
cable  test  systems  are  analysed.  Configuration  and  opera¬ 
tion  ol  a  computenzed  test  system  specially  designed  (or 
quality  assurance  In  cable  plants  are  presented.  Compared 
to  manually  operated  test  sets  the  automated  system  oilers 
a  number  ol  specific  advantages  such  as  short  testing 
times,  multioln  parallel  liber  connection,  automatic  data 
evaluation  anc  .gh  accuracy  irrespective  ol  operator  skill. 


Introduction 

During  the  last  years  the  applications  ol  optical  liber 
cables  have  shown  an  Impressive  rise.  Precondition  lor  a 
further  increasement  is  a  considerable  reduction  ol  cable 
costs,  which  in  turn  are  essentially  determined  by  the  costs 
ol  a  number  of  tests  during  production.  Today  most  ol  these 
tests  are  carried  out  by  measuring  each  liber  of  a  cable 
separately  and  manually.  To  decrease  the  tasting  time  and 
the  cable  costs  the  libers  should  be  measured  automatical¬ 
ly  and  in  parallel. 

Additionally  cable  costs  can  be  reduced  by  optimizing 
quality  assurance  during  production.  Due  to  this  step  the 
number  ol  defective  goods  can  be  minimized. 

Hence  in  the  future  manually  operated  equipment  will 
have  to  be  replaced  by  automatic  measuring  systems. 

The  requirements  (or  such  an  automatic  system  will  be 
discussed  on  the  basis  ol  the  measuring  methods  currently 


used.  Subsequently  the  structure  and  poten'ial  use  ol  an 
automatic  measuring  system  wilt  be  defined,  particular 
attention  being  paid  to  the  specific  advantages. 


Relevant  test  parameters  in  the  cable  faciory 

Quality  assurance  in  a  plant  (or  optical  fiber  cables  must 
be  carried  out  in  each  step  ol  the  production  process: 

It  starts  with  the  checks  on  incoming  g*  -^ds,  lor  example 
on  the  delivered  libers,  accompanies  the  various  manufac¬ 
turing  steps  and  ends  in  the  acceptance  tests  on  the 
produced  cable.  Because  ol  the  considerable  testing  times, 
especially  In  case  of  multifiber  cables,  economic  considera¬ 
tions  will  require  that  quality  assurance  is  restricted  to  the 
measurement  ol  the  relevant  parameters. 

These  are  the  parameters  which  are  influenced  during 
the  cabling  process  in  contrast  to  those  which  are  predeter¬ 
mined  by  the  libers  and  do  not  change  during  further 
processing.  The  latter  group  includes,  lor  example,  core 
and  cladding  diameterand  refractive  index  profile.  In  single¬ 
mode  fibers,  the  dispersion  and,  with  certain  restrictions, 
the  cut-oil  wavelength  are  also  independent  ol  the  cabling. 
These  parameters  are  measured  by  the  liber  manufacturer 
and  their  results  are  documented.  During  the  check  on  In¬ 
coming  goods  at  the  cable  plant,  the  data  are  examined  and 
are  usually  accepted  as  final  data  it  they  meet  the  specifi¬ 
cations. 

Thus,  the  most  important  parameters  still  to  be  measu¬ 
red  are  the  loss  and  the  local  attenuation  characteristics. 
On  the  one  hand,  they  are  important  regarding  the  subse¬ 
quent  use  ol  the  cable  in  a  transmission  line.  On  the  other 
hand,  these  parameters  are  influenced  by  the  cabling 
process  itself  and  can  therefore  be  used  for  a  direct  moni¬ 
toring  ol  the  manufacturing  process.  The  attenuation  para¬ 
meters  should  be  measured  for  all  libers  during  production, 
since  only  in  this  way  crap  can  be  minimized  by  early  detec¬ 
tion  of  delects.  It  can  be  assumed,  that  if  attenuation  values 
stil!  coincide  with  the  cable  specifications  and  proper  checks 
on  incoming  fibers  were  carried  out,  then  all  optical  para¬ 
meters  will  meet  the  requirements. 
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Currans  stale  ot  measuring  technology 

In  the  cable  factory,  lha  attenuation  ol  liber  cables  Is 
advantageously  measured  by  the  backscattering  method. 
This  method  enables  not  only  the  measuring  of  the  desired 
attenuation  coefficient,  which,  for  example,  Is  defined  in  all 
PTT-specificatlons.  Also  production-related  anomalies  in 
the  cable  like  local  attenuation  peaks,  irregularities  and 
broken  libers,  can  be  detected  and  localized. 

The  conventional  measuring  process  Is  divided  into  the 
following  parts: 

•  preparation  of  the  cable 

•  preparation  of  the  end  face  of  each  liber  to  be  measureo 

-  coupling  of  each  fiber  to  the  measuring  equipment 

•  measurement  un  the  basis  of  manual  instalment 
settings 

-  transfer  of  data  to  the  relevant  measurement 
record. 

Consequently  acharaderlstic  feature  of  the  current  state 
of  measuring  technology  Is  that  each  fiber  is  measured 
lndiv,du&i.y  and  manually.  The  accuracy  of  the  measure¬ 
ments  is  determined  by  various  factors: 

After  the  preparation  the  fiber  end  face  is  assessed 
subjectively  by  the  operator  during  the  coupling  process. 
Then  depending  on  the  coupling  attenuation,  the  input 
amplification  of  the  OTDR  is  modified  to  compensate  the 
end  face  quality.  Since  this  may  result  In  the  use  ot  any 
dynamic  range  of  the  instrument,  the  linearity  and  accuracy 
of  measurements  are  not  guaranteed  any  longer,  depen¬ 
ding  on  the  end  (ace  quality. 

It  is  known  .hat  the  accuracy  Is  reduced  at  the  beginning 
and  the  end  of  the  backscattercurve,  for  example  as  a  result 
of  overloading  the  optical  and  electronic  input  stage  of  the 
instrument.  During  the  manual  instrument  setting,  the  cur¬ 
sors  are  used  to  select  the  part  of  the  curve,  which  is  used 
for  determining  the  attenuation.  Considerable  measuring 
errors  can  occur,  depending  on  that  choice. 

Since  the  backscatter  signals  have  very  small  amplitu¬ 
des,  the  backscatter  curve  generally  Is  superimposed  by 
noise  and  has  to  be  smoothed  by  averaging  procedures.  A 
suitable  averaging  time  must  be  set  manually  and  influen¬ 
ces  again  the  measurement  accuracy. 

Because  of  the  twisting  of  the  fibers  in  the  cable,  the  fiber 
length  is  a  few  percent  longer  than  the  cable  length.  It  is  the 
attenuation  per  cable  length  which  is  specified  and  should 
be  measured  but  in  fact  the  attenuation  per  fiber  length  is 
measured.  The  operator  usually  takes  this  difference  into 
account  by  a  manual  mis-setting.  Since  this  mis-setting 
directly  influences  the  measured  attenuationorthe  location 
of  a  fault,  this  procedure  is  critical. 


Possible  incorrect  settings  and  wrong  data  due  to  trans¬ 
fer  errors  give  rise  to  many  errors,  l.e.  the  measurement 
accuracy  depends  on  a  decisive  extent  on  the  operator  and 
hiti  experience. 


Requirements  for  an  automatic  measuring  system 

To  avoid  the  disadvantages  discussed  before,  a  new 
measuring  system  has  to  have  two  main  features: 

On  the  one  hand,  it  should  be  possible  for  a  number  of 
fibers  to  be  processed  simultaneously,  as  has  been  the 
usual  practice  since  many  years  in  copper  cable  technolo¬ 
gy.  On  the  other  hand,  operating  errors,  and  hence  measu¬ 
ring  errors,  must  be  substantially  avoided,  t.e.  an  automatic, 
closed  measuring  system  conforming  to  ISO  9000  l\l  Is  in¬ 
dispensable. 

Easy  operation  of  the  system  is  of  great  importance  to 
enable  reliable  measurements  independent  of  the  level  of 
training  and  experience  of  the  test  personnel.  For  example, 
it  would  be  expedient  it  the  measuring  system  automatical¬ 
ly  sets  an  required  parameters  when  a  coded  cable  speci¬ 
fication  is  input.  An  automatic  plausibility  test  should  make 
the  operator  aware  oi  obvious  operating  errors.  Since  it  is 
planned  to  use  the  automatic  measuring  system  in  a  cable 
factc.'y,  its  environmental  conditions  must  be  considered. 


Structurej).f  jhe,automatic  measuring  .system 

On  the  basis  of  these  requirements,  the  presented 
measuring  system  was  designed  for  up  to  12  fibers  to  be 
connected  simultaneously.  The  actual  measuring  system  is 
shown  schematically  in  figure  1 .  It  consists  of  the  following 
components: 

•  Optical  connection  frame 

-  Measuring  unit  (OTDR) 

-  Control-  and  evaluation  unit  (computer) 

-  Operating  unit 

-  Output  unit 

Additional  components  necessary  to  prepare  multiple 
fiber  end  faces  in  parallel  and  to  create  a  planar  structure  of 
the  fibers  to  be  measured  complete  the  system.  In  such  a 
measuring  system,  the  accuracy  and  the  operating  charac¬ 
teristics  are  essentially  determined  by  the  properties  of  the 
optical  connection  frame.  The  coupling  unit  must  on  the  one 
hand  permit  a  reproducible  and  reliable  coupling  of  all 
fibers,  and  on  the  other  hand  be  robust  in  case  ol  improper 
handling. 

These  requirements  are  met  if  the  coupling  unit,  the 
interface  to  the  operator,  is  spatially  separated  from  the 
sensitive  switching  unit,  and  the  signals  are  transferred  via 
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a  fiber  ribbon  cable.  If  an  end  face  of  this  internal  ribbon 
cable  is  destroyed,  for  example  by  Incorrect  coupling  of  the 
fibers  to  be  measured,  K  can  be  puiisd  slightly  out  of  the 
ribbon  stock  cassetle  (figure  1 )  and  after  new  preparation 
inserted  into  the  coupling  unit  again.  The  .'.witching  unit  is 
not  affected  by  this  procedure. 


Operating  andmeasuringprocedure 

Figure  2  shows  the  automatic  measuring  system  in  the 
environment  of  a  cable  factory.  The  first  step  to  test  a  cable 
Is  to  prepare  it  in  the  conventional  manner,  except  that  up 
to  12  fibers  can  now  be  processed  simultaneously. 

Subsequently  the  fibers  to  be  measured  are  coupled  to 
the  internal  ribbon  cable  using  a  <iat  silicon  plate  with 
V  grooves  (figure  3).  To  enable  this  coupling  technique  the 
fibers  have  to  be  arranged  in  a  ribbon  structure.  This  requi¬ 
rement  is  automatically  met,  if  optica!  cables  with  fiber 
ribbons  are  to  be  measured.  In  the  case  of  bundle  cables, 
however,  the  Individual  fibers  must  first  be  converted  Into  a 
planar  structure,  i.e.  a  ribbon  structure,  using  a  multifiber 
planar  organizer  (figure  4). 

The  actual  measuring  procedure  Is  controlled  by  a 
computer  and  a  user-guiding  menu.  The  upper  part  of  this 
menu  contains  all  data  required  for  a  clear  assignment  and 
characterization  of  each  cable  in  accordance  with 
ISO  9000.  In  addition,  the  menu  contains  data  which  define 
the  measuring  procedure  and  the  parameters  to  be  measu¬ 
red,  as  well  as  information  on  data  output. 

When  the  measuring  program  Is  started,  an  automatic 
coupling  test  is  carried  out  first  to  ensure  that  the  coupling 
attenuation  is  smaller  than  a  predetermined  limiting  value 
and  the  measuring  unit  is  therefore  still  operated  within  the 
approved  dynamic  range. 

In  the  automatic  measuring  procedure,  the  system  first 
determines  the  optimal  Instrument  settings  according  to 
criteria  exactly  defined  before,  and  selects  these  optimal 
settings.  With  the  aid  of  the  computer-controlled  switching 
unit,  each  of  the  fibers  to  be  measured  Is  then  sequential¬ 
ly  connected  to  the  measuring  unit  and  the  parameters  de¬ 
fined  in  the  menu  are  measured. 

Only  in  this  way  it  is  possible  to  ensure  that  the  measuring 
system  always  operates  under  optimal  conditions  and  that 
reproducible  measurements  with  a  guaranteed  accuracy 
can  be  obtained. 

The  data  transferred  from  the  measuring  unit  to  the 
computerare  evaluated  there  following  the  menu  specifica¬ 
tions.  Among  other  parameters,  attenuation,  attenuation 
coefficient  and  length  can  be  determined  and  compared 
with  the  specified  values.  In  addition  the  backscatter  curves 
are  investigated  automatically  with  respect  to  nonlinearity 
and  inhomogenities. 


The  specification  data,  system  parameters  and  results 
are  recorded  in  a  suitable  form  and  can  be  stored  for  later 
statistical  evaluations.  Figure  5  shows  a  part  ot  such  a 
record,  the  list  of  measurement  results. 


Test,  results 

As  discussed  before  the  presented  automatic  measuring 
system  has  two  main  features: 

On  the  one  hand,  it  enables  the  operator  to  process  a 
number  of  fibers  simultaneously  with  each  measurement. 
For  example,  to  check  ten  fibers  of  a  cable  at  one  wave¬ 
length  will  take  about  five  minutes: 

Four  minutes  are  required  to  remove  the  coating,  for  the 
planar  organizing,  the  preparation  ol  the  ten  end  laces  and 
for  the  coupling  of  the  fibers  to  the  connection  frame.  Within 
the  next  live  minutes  the  automatic  cour  ’ng  check  is 
carried  out  by  the  system  and  the  parameters  ai  s  measured 
as  specified  in  the  menu.  During  this  system  operation  time 
the  operator  Is  able  to  prepara  the  next  fibers  to  be  measu¬ 
red.  Consequently  up  to  1,000  fibers  per  day  can  be 
checked  with  the  presented  measuring  system  and  one 
operator. 

The  second  feature  is  the  improved  reliability  and 
accuracy.  To  demonstrate  this  a  single-mode  fiber  ribbon 
cable  of  2  km  length  was  coupled  20  times  to  the  connection 
frame.  With  each  coupling  the  end  faces  were  replaced. 
The  maximum  deviation  of  the  measured  attenuation 
coefficient  for  the  individual  fiber  was  0.007  dB/km,  the 
corresponding  standard  deviation  0.003  dB/km. 
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Summery  and  .prospects 


An  automatic  measuring  system  lor  optical  fibar  cabiat 
was  developed  to  maat  tha  requirements  ol  a  modern  cable 
factory. 

Tha  prasantad  systam  has  substantial  advantages  in 
comparison  to  state-of-the-art  measuring  techniques: 

a  ft  represents  a  closed  system  within  the  meaning  of 
ISO  9000.  All  adjustments  of  tha  equipment,  each 
decision  and  tha  data  transfer  are  carried  out  following 
clearly  defined  preconditions.  Therefore  all  test 
results  are  independent  of  experience  and  qualifica¬ 
tion  of  the  operator. 

•  The  testing  time  for  each  cable  will  be  substantial 
decreased  with  the  presented  system.  This  is  mainly 
due  to  preparing  and  measuring  a  number  of  fibers 
instead  of  one  in  each  measuring  cycle.  Due  to  the 
structure  of  ribbon  cables,  especially  for  this  cable 
type  a  drastical  decreasement  in  testing  time  was 
found. 

•  In  the  future  the  important  requirement  of  a  periodical 
test-system-recalibration  will  be  induced  by  menu 
messages.  During  this  recalibration  the  OTDR-wave 
length  spectrum  will  be  measured  and  its  data  are 
stored  in  the  evaluation  unit  to  correct  the  measuring 
results.  Additionally  a  special  recalibration  fiber  allows 
to  check  the  OTDR-linearity.  Deviations  from  Ideal 
linearity  will  also  be  considered  by  the  evaluation  unit. 

•  For  future  applications  it  is  of  great  Importance  that  the 
test  system  itself  Is  able  to  be  controlled  by  a  master 
computer.  So  it  may  become  part  of  a  quality  assu¬ 
rance  system  with  a  hierarchical  organization.  For  the 
different  test  systems  in  a  plant  individual  specifi¬ 
cations  and  measuring  procedures  can  be  deter¬ 
mined  by  a  central  computer. 

Thus,  such  automated  testing  is  an  essential  contribution  to 
improve  efficiency  and  achieving  the  goal  of  economical 
production. 


Siegfried  Heckmann  studied  at  the  University  of  Bochum 
and  graduated  in  1978  In  electrical  engineering.  1983  he 
obtained  his  doctorate  at  the  University  of  Wuppertal.  Since 
1983  he  has  beer;  active  as  group  leader  within  Philips 
Kommunikations  Industrie  AG,  where  he  Is  responsible  for 
the  development  of  optical  measuring  equipment. 


Volker  Riech  studied  at  the  Technical  University  of 
Aachen  and  received  the  doctor's  degree  in  1 976.  He  joined 
Philips  Kommunikations  Industrie  AG  in  1980  as  a  group 
leader  for  computerized  measuring  systems  for  copper 
cables.  Today  he  is  the  head  of  R&D  for  optical  and  copper 
cable  measuring  equipment  within  PKI. 


References 

/I/  ISO  9000  "Quality  management  and  quality 
assurance  standards-Guidelines  for  selection 
and  use* 


International  Wire  &  Cable  Symposium  Proceedings  1989  377 
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tto&asi 

Tht  *ff*ct  of  the  dual  acrylate  coating  on  the 

Krforaance  of  single-mode  optical  fibers  has 
an  studied.  Good  optical  and  environmental 
performance  was  achieved  with  fibers  coated  with 
tandem  and  double  coating  process  using  optiaized 
aaterial  coabination  having  good  adhesion  to 
glass.  FTIR  technique  is  presented  as  a  fast  and 
accurate  aethod  for  deterafning  the  degree  of 
cure  of  the  acrylate.  The  stripping  force  of  the 
coating  is  shown  to  correlate  well  with  the  degree 
of  cure.  High  stress  screen  testing  technique  at 
levels  up  to  4  GPa  is  used  for  rapid  deteraination 
of  the  strength  paraaeters  of  the  fiber.  Lifetiae 
estiaates  made  by  this  novel  approach  agree  with 
the  earlier  estiaates.  The  cabled  fibers  showed 
good  perforaance  in  northern  environaent. 

Intrriartim. 

Single-node  optical  fiber  has  becoae  a  standard 
in  optical  conaunications.  Most  of  the  fiber 
delivered  today  has  a  250  jia  dual  layer  acrylate 
coating  coaposed  of  an  inner  soft  layer  protecting 
the  fiber  froa  attenuation  increase  induced  by 
teaperature  change  or  aicrobending,  and  an  outer 
harder  layer  for  protection  and  easy  handling. 

The  structure,  materials,  and  manufacturing  process 
have  been  seen  to  be  important  to  achieve  a  coating 
that  will  give  the  fiber  good  optical  characteris¬ 
tics  (attenuation,  aicrobending  behavior  and 
teaperature  perforaance);  and  good  reliability 
(strength,  Minimal  aging  effect  in  various  envi¬ 
ronments)  *•*.  Initially  we  tested  coating  combi¬ 
nations  having  low  adhesion  to  glass  and  good 
adhesion  to  glass  for  teaperature  behavior  and 
strength.  The  results  indicated  that  coatings 
with  low  adhesion  to  glass  had  good  teaperature 
characteristics  but  lowered  strength  whereas 
coatings  with  good  adhesion  to  glass  had  good 
strength  but  it  was  more  difficult  to  achieve  good 
teaperature  characteristics.  After  this  it  was 
decided  that  various  coating  combinations  should 
be  tried  to  find  a  system  that  would  give  good 
reliability  and  at  the  same  time  good  optical 
characteristics  and  good  temperature  behavior. 

This  paper  deals  with  the  effect  of  acrylate 
coating  on  the  performance  of  the  fiber.  The 
coating  processes  and  results  for  various  acrylate 
coating  combinations  are  presented.  Reliability 


and  environmental  characteristics  are  presented 
for  the  optiaized  coating  coabination. 

Coating  process  and  characterization 

Sailing,  upliatlon. 

The  application  of  the  two  layer  primary  co«  *<ng 
can  be  aade  in  two  ways,  either  by  the  Tandem 
Coating  process,  where  the  primary  coating  is  cured 
before  the  secondary  is  applied,  or  by  the  Double 
Coating  process,  where  the  two  layers  are  applied 
wet  on  wet  and  cured  simultaneously. 

In  the  Tandem  Coating  process  the  diameter  and 
concentricity  of  both  layers  can  be  recorded.  In 
the  Double  Coaf'ng  process  the  primary  coating 
can't  easily  be  monitored,  but  is  well  controlled 
by  using  optimum  die  shapes  and  pressures.  The 
advantages  of  the  Double  Coating  process  are  higher 
drawing  speeds,  because  of  more  cooling  space  in 
the  drawing  tower,  and  easy  operation.  To  obtain 
ood  attenuation  behavior  also  the  curing  process 
or  the  coating  aaterial  in  question  must  be  well 
understood,  since  the  uncured  layer  is  thicker  in 
the  Double  Coating  process  and  the  curing  degree 
showed  to  affect  the  adhesion. 

The  theory  of  the  one-layer  application  is 
described  in  several  references  e.g.  M.  The 
aethod  to  obtain  a  smooth  and  well  controlled 
coating  is  to  keep  the  shear  rate  of  the  coating 
aaterial  flow  equal  to  zero  at  the  fiber  surface 
during  the  process  by  a  proper  pressure.  The 
resulting  equation  for  the  dependence  between 
coating  thickness  and  required  die  diameter  can  be 
used  for  the  primary  coating  both  in  the  Tandem 
and  Double  Coating  process  and  with  some  substi¬ 
tutions  for  the  secondary  coating  in  Tandem 
Coating  process.  By  using  the  optimum  pressure, 
the  desired  die  diameter  is  independent  of  vis¬ 
cosity  and  drawing  speed  V.  The  secondary  coating 
in  the  Double  Coating  process  can  be  determined 
using  the  same  algorithm  as  before,  now  for  two 
flows  VJ  (inner  wet  layer  with  viscosity/^])  and 
vg  (second  layer  with  viscosity  yUg)  and  with 
following  boundary  conditions  (see  Fig.  1) 

vj»V  at  r«f 
vg«0  at  r>R(z) 
vi=v?  at  r*ri 
dvj/ar'dvg/dr  at  r=q 
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Fig.  1.  Double  Pressure  Coater. 


The  dependence  of  the  die  versus  coating  diameter 
under  the  optimum  pressure 


g  -  4V(2f2(K(rl/f)/Ml-ln(rl/*)/M2) 

r2- 

21n(r,/*)(rJ-t2)( 

cinnot  be  solved  analytically,  but  is  independent 
of  the  drawing  speed  and  a  function  of  the  visco¬ 
sity  ratio/tjto.  In  Fig.  2  the  die  diameter  as  a 
function  of  the  viscosity  ratio  is  shown  for  a 
125  jim  fiber  with  final  coating  diameters  205/250 
><*• 


The  double  coater  used  in  our  standard  drawing 
process  gives  the  predicted  coating  diameters  in 
the  first  die.  In  the  second  die  there  is  a 
difference  of  about  4%  between  the  measured  and 
theoretical  diameter.  Also  the  tandem  coating 
process  was  examined  giving  diameters  exactly 
according  to  the  theory.  When  using  the  optimum 
pressures  both  processes  were  very  stable  and  the 
coating  diameter  variations  were  less  than  +/-  1 
/"»• 
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Fig.  2.  The  second  die  diameter  for  the  double 
coater  as  a  function  of  the  materials  viscosity 
ratio.  The  fiber  diameter  is  125 pm  and  the  final 
fnner/outer  layers  are  205/250  jm. 


Curing  of  acrylates. 

Acrylates  as  coating  material  for  optical 
fiber;  UV-acrvlates  have  become  standard  for 
optical  fiber  coatings.  They  maintain  the  optical 
properties  of  fiber  and  offer  good  mechanical  and 
chemical  durability  in  many  environments  *•*. 
Acrylates  are  also  easy  to  apply  on  the  fiber  in 
liquid  form  and  they  are  rapidly  cured  by  UV- 
light.  Typical  properties  of  primary  and  secondary 
coating  materials  for  optical  fibers  are  presented 
in  Table  1.  The  viscosity  of  the  resin  is  a  strong 
function  of  temperature  and  therefore  temperature 
control  of  the  coating  liquid  can  be  exploited  in 
the  application  process. 

UV-curable  acrylate  resins  contain  three  main 
components:  photoinitiators,  oligomers  and  mono¬ 
mers.  Besides  these  additives  are  used  to  increase 
thermal  stability,  shelf  time,  and  adhesion  to 
glass.  Photoinitiators  are  e.g.  aromatic  ketones. 
They  affect  physical  properties  of  the  polymer, 
sucn  as  hardness,  elongation  and  tensile  strength, 
although  their  concentration  is  only  2  -  A*  of 
the  resin  *. 

Oligomers  form  the  body  of  the  actual  polymer 
network  7.  The  resin  contains  50  -  70  wt%  of 
oligomers. Oligomers  are  the  reactive  part  of  the 
polymer  and  they  are  multifunctional  i.e.  one 
molecule  may  contain  2-6  reactive  acrylic  func¬ 
tional  groups  -CH  ■  CH2.  When  these  acrylic  groups 
react  the  polymer  will  get  its  3-dimensional 
network.  The  length,  nature  and  functionality  of 
the  oligomer  molecules  affects  the  mechanical, 
chemical  and  optical  properties  of  the  coating. 

The  oligomers  of  the  primary  coating  are  urethane 
acrylates.  They  give  the  primary  layer  more  soft 
and  stiff  properties  than  the  additional  epoxy 
acrylates  used  in  the  secondary  layer.  In  the 
primary  layer  polymer  chains  are  longer  and  cross¬ 
link  density  lower  than  in  the  harder  jacket 
layer.  This  leads  to  lower  glass  transition 
temperature  (Tq)  and  lower  Young's  modulus. 
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Table  1,  Typical  properties  of  UV-acrylates 


kttU  m - 

Primary 

Secondary 

Viscosity 

Density 

Surface  tension 

cps  , 
kg/dm* 

7  ooo-ib  664 
1.00-1. u 

41 

7  oo6-i  666 
1.11-1.11 

25 

Cured  Polymer  Wt,  W  Am 

Retractive  Index 
Tensile  strength 
Young's  modulus 
(«  -  2.54) 
Elongation 
T| 

Motor  absorption 
<24  ») 

Temoorature 
coefficient 
above  T. 
bolo<*  T, 

Shrinkage  at  core 

Hydrogen 

generation 

Tio°c.  24  h) 


MPa 

Wa 

T7ZSW~ 

1.49-1.54 

1. 1- 4.1 

2. 1- 3. 7 

M-FT]?) 

1.51-1.54 

1V-34 

600-1124 

4 

°C 

40-200 

OS  -  «2S 

l-T‘ 

n 

a 

1.40.1 

Cm/cm/*C 

cn/c«/*C 

a 

30M0*5 

SM0“* 

2.4-5. C 

4.1 

><l/» 

0.1 

0.5 

Rate  of  polymerization;  The  rate  of 
polymerization  of  ra diet i one u r a b  1  e  resins  depends 
on  '<*•*:  the  capability  of  the  photoinitiators 
to  absorb  radiation  and  produce  active  radicals, 
the  reactivity  of  the  initiator  radicals  and  the 
polymer  radicals  to  form  double  bonds,  and 
functionality  of  monomers  and  oligomers  *. 

Oxygen  inhibits  the  curing  of  multifunctional 
acrylates.  As  a  result,  the  surface  of  coating 
remains  tacky  and  physical  properties,  such  as 
impact  strength  and  hardness,  become  lower.  This 
is  related  to  decrease  of  molar  weight  and  decrease 
of  crosslink  density.  For  this  reason  the  UV- 
laaps  used  to  cure  the  acrylate  are  commonly 
purged  by  nitrogen. 

Overcure  was  seen  to  decrease  the  Shore  hardness 
and  cause  a  yellowish  color  for  acrylic  films  if, 
our  experiments  in  the  case  of  primary  coatings. 

In  the  case  of  secondary  coating  only  the  hardness 
decrease.  We  assume  that  this  is  related  to  the 
dissociation  of  the  reacted  photoinitiator. 


Determination  of  the  dearee  of  cure:  The 
degree  of  cure  affects  the  physical  properties 
and  reliability  parameters  of  the  coating.  We  made 
experiments  with  coating  having  80-85  it  degree  of 
cure.  The  adhesion  to  glass  of  these  coatings 
was  essentially  more  reduced  after  24  h  aging  in 
20°C  water  as  compared  with  coatings  having 
adequate  cure  of  more  than  95  %.  Inadequate  cure 
may  also  lead  to  reduction  in  strength  of  the 
fiber.  If  coating  becomes  loose  e.g.  due  to 
chemical  effects,  the  water  diffused  in  the 
coating  may  form  liquid  water  on  the  glass.  This 
will  enhance  stress  corrosion  ,0. 

The  degree  of  cure  of  the  coating  material  can  be 
measured  by  Soxhlet-extraction  or  FT1R 


spectroscopy.  Soxhlet-extraction  is  an  economical 
method  to  determine  the  average  degree  of  cure  of 
the  whole  acrylate  layer.  The  method  is  based  on 
the  assumption  that  the  uncured  polymer  can  be 
dissolved  e.g.  by  methvl-ethyl-ketone  (HOC).  The 
quantity  that  is  actually  measured  is  gel  fraction 
(GF),  given  at 


GF  (  %  )  «  (  A-C  )  /  (  S  -  C  )*100 


where 

A  ■  mass  of  the  sample  after  extraction 
B  »  mass  of  the  sample  before  extraction 
C  *  mass  of  glass  in  the  sample 

in  our  experimental  procedure  approximately  50  m 
fiber  is  cut  into  small  pieces.  The  mass  of 
fibers  is  measured.  The  fibers  are  then 
erted  into  an  extraction  flask  and  extracted 
12  hours.  After  this  they  are  first  dried  in 
and  then  in  vacuum  for  12  hours  and  the  weight 
is  measured.  The  mass  of  glass  was  determined  by 
peeling  a  fiber  with  same  length  and  measuring  the 
mass,  The  inaccuracy  of  weighing  is  +/-  0.005  g, 
which  gives  the  error  margin  of  ♦/-  2  %.  Further 
uncertainty  for  determining  the  degree  of  cure  is 
caused  because  there  is  not  a  certainty  that  HEK 
would  not  dissolve  something  else  than  uncured 
polymer  from  the  material. 

The  FTIR-method  is  based  on  the  visibility  of 
acrylic  double  bonds  in  the  infrared  spectra. 
Curing  polymerization  the  amount  of  acrylic  groups 
decreases  as  they  react  to  form  the  polymer 
network.  Double  bonds  can  be  seen  at  wave  numbers 
810  1/cm  (  CH2-CH  twist  )  and  1408  1/cm  {  -CH2 
deformation  ).  We  determined  the  degree  of  cure 
from  relative  intensities  of  1408  1/cm  peaks. 

The  peak  indicating  the  carbonyl  group  »C«0  at  a 
wave  number  1724  1/cm  is  used  as  reference. 

Preparation  of  the  sample  begins  with  cleaning 
the  fibers  with 

propanol,  in  order  to  remove  any  contaminations 
caused  by  handling.  After  cleaning  fibers  were 
handled  with  gloves.  After  drawing  the  sample 
fibers  were  kept  in  black  plastic  bags  before 
testing  to  avoid  additional  cure.  The  sample  is 
prepared  by  cutting  the  fibers  into  about  50  *m 
pieces  and  fastening  tightly  with  tape  on  both 
sides  of  the  crystal  of  the  FT1R  spectrometer  ( 
Fig.  3  }.  FTIR-spectra  was  taken  with  attenuated 
total  reflectance  (ATR)  -method.  The  equipment 
used  for  the  tests  was  Perkin  Elmer  FTIR  model 
1760.  The  tests  were  made  with  KRS5-crystal 
(thallium-bromide-iodide;  refractive  index  2.37), 
but  germanium-  and  ZnSe-crystals  were  also  tested. 
The  beam  is  introduced  to  the  crystal  in  such  an 
angle,  that  it  is  reflected  from  the  sample.  The 
penetration  depth,  where  the  reflection  occurs 
depends  on  the  wavelength  and  refractive  indexes 
according  to 


^  /  ngr 

2  0  -  (  ns  /nCr  )2' 
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dp  ■  penetration  depth 
ncr*  refractive  index  of  the  crystal 
Ji  ■  refractive  index  of  the  sample 
0  »  angle  of  the  incoming  beam 
a  ■»  wavelength 

Typical  penetration  depth  is  only  a  few  urn  end 
therefore  FTIR  is  only  applicable  to  test  the 
degree  of  cure  at  the  surface  of  the  material. 

A  measured  spectrua  for  a  partly  cured  polymer 
combination  E  Is  shown  in  Fig,  4.  showing  the 
peak  at  1406  1/cm  which  indicates  that  the  material 
is  not  fully  crosslinked.  The  heights  of  the 
absorption  peaks  at  1406  and  1724  1/cm  are  measured 
and  ratio  between  the  heights  of  1408  1/cm  peak 
and  1724  1/cm  peak  is  calculated. 


fig.  3.  Fibers  fixed  on  both  sides  of  the  crystal 
of  the  FTIR-machine. 


INTENSITY 


Fig.  4.  FTIR-spectrum  of  a  partly  cured  acrylate. 
The  peak  used  to  determine  the  degree  of  cure  is 
at  1408  1/c*.  The  carbonyl  peak  at  1724  1/cm  is 
used  as  reference. 


The  calibration  is  done  in  the  following  way. 

From  a  figure  where  1408/1724  1/cra  peak  ratio  is 
presented  as  a  function  of  fiber  drawing  speed 
the  peak  ratio  for  totally  cured  material  is 
achieved  by  extrapolating  the  curve  to  drawing 
speed  *  0  m/s.  This  point  represents  100  %  degree 
of  cure.  This  can  be  done  because  with  very  low 
drawing  speeds  (0.15  m/s)  the  coating  is  in 
practice  fully  cured.  The  peak  ratio  of  uncured 
coating  represents  the  degree  of  cure  =  0  %.  In 
our  experiments  the  spectrum  for  the  uncured 
material  was  taken  as  a  transmission  spectrum  by 
inserting  a  drop  of  uncured  material  between  two 


KaCl-tablets.  The  degree  of  cure  for  different 
UV-irradiation  times  (different  drawing  speeds) 
could  the  be  calculated. 

FTIR  is  a  faster  and  more  accurate  method  than 
Soxhlet-extraction  when  determining  the  degree  of 
cure  from  the  surface  of  the  fiber.  We  found  it 
difficult  to  achieve  adequate  repeatability  with 
Soxhlet  extraction.  On  the  other  hand  gel  fraction 
gives  the  average  degree  of  cure  over  the  cross 
section  of  the  coating  and  would  thus  be  a  more 
interesting  parameter  since  from  the  reliability 
point  of  view  the  degree  of  cure  at  the  glass 
coating  interface  is  most  important.  However,  the 
curing  is  a  fast  process  and  it  may  be  anticipated 
that  the  degree  of  cure  beneath  the  surface  is 
close  to  the  degree  of  cure  at  the  surface.  Further 
on  it  is  possible  to  make  sure  of  adequate  degree 
of  cure  at  the  glass  -  coating  interface  by 
measuring  the  stripping  force  of  the  coating. 

The  speed  of  the  curing  process  was  examined  with 
an  acrylate  testing  unit,  where  a  film  of  acrylate 
is  cured  on  a  conveyor  belt  passing  slowly  over  a 
UV-lamp.  To  up  to  96-97%  degree  of  cure  the 
polymerization  proceeds  very  quickly.  After  that 
curing  speed  becomes  lower  because  the  viscosity 
of  the  system  increases.  The  reactive  acrylic 
groups  cannot  polymerize  with  each  other  when 
they  are  blocked  into  the  polymer  network. 

A  series  of  tests  were  made  to  calibrate  the 
fiber  drawing  tower  for  the  degree  of  cure.  The 
preforms  that  were  used  to  draw  fibers  were  MCVD 
depressed  cladding  preforms  resulting  in  9  urn 
mode  field  diameter  in  the  fiber.  The  drawing 
tower  was  equipped  with  standard  Fusion  System 
lamps.  The  first  lamp  had  a  0-bulb  and  the  latter 
a  H-type  bulb  which  is  characterized  by  shorter 
wavelength  radiation.  This  results  in  better  cure 
at  the  surface  since  the  penetration  depth  for 
shorter  wavelengths  is  smaller.  In  tandem  process 
there  was  one  lamp  after  each  coater  (  D  +  H  bulb 
).  The  drawing  speeds  were  varied  between  10  and 
200  m/min  in  the  experiments.  The  results  can  be 
linearly  scaled  for  higher  drawing  speeds  for 
production  equipment  having  more  lamps. 

By  applying  and  curing  one  layer  of  coating  it 
was  noted  that  the  primary  coating  material  cures 
at  least  two  times  faster  than  the  secondary 
coating  material.  This  is  expected  because  the 
crosslinking  density  in  the  soft  primary  layer  is 
much  smaller  than  in  the  hard  secondary  layer. 

Also  one  of  the  reactive  groups  in  the  primary 
layer  is  generally  a  monofunctional  acrylate 
that  lowers  the  viscosity  of  the  material  thus 
allowing  for  easier  movement  of  the  molecules.  It 
could  then  be  estimated  that  in  tandem  process 
the  number  of  lamps  for  the  secondary  layer  should 
be  twice  the  number  of  lamps  for  the  primary 
layer.  In  double  coating  process  also  a  desired 
degree  of  cure  can  be  achieved  for  the  primary 
layer  with  a  reasonable  number  of  lamps  although 
it  is  cured  through  the  secondary  layer. 
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Adhtlian  tut:  A  series  of  fibers  wore 
drawn  with  varying  sp««d  between  10  and  200  m/min 
to  test  the  effect  of  uncured  coating  on  adhesion 
to  glass. 

The  adhesion  to  glass  was  tested  by  measuring  the 
stripping  force  of  the  coating.  The  tests  were 
carried  out  with  tensile  testing  aachine  equipped 
with  the  Hiller  fiber  stripper.  Tension  was 
Measured  with  a  tensiometer  having  a  600  cN  sensing 
head.  Each  fiber  was  tested  15  times  to  achieve 
an  adequate  statistical  accuracy.  The  stripping 
length  was  4  ♦/-  0.5  mm,  and  the  speed  was  70 
■■/■in.  The  curve  received  froo  the  recorder  has 
two  peaks.  The  first  one  cooes  when  the  coating 
ruptures  and  the  stripping  begins.  The  other  one 
is  caused  by  coating  lump  under  the  stripping 
tool.  Following  results  are  obtained  by  examining 
the  first  peak. 

The  stripping  force  of  the  coating  proved  to  be 
proportional  to  UV-irradiation  time  in  the  region 
where  the  coating  is  not  fully  cured  (see  Fig. 

5).  The  stripping  force  is  presented  as  a  function 
of  the  degree  of  cure  as  Measured  by  the  FT1R 
technique  in  Fig.  6.  Stripping  force  as  a  function 
of  degree  has  a  linear  relationship.  This  indicates 
that  with  precaution  the  stripping  force  can  be 
used  to  determine  the  degree  of  cure  at  least  of 
coatings  having  similar  structure,  Materials,  and 
dimensions  (both  primary  and  secondary  layers). 


Fig.  5.  Stripping  force  of  the  coating  as  a 
function  of  the  drawing  speed.  First  lamp  had  0 
bulb  and  second  a  H-bulb.  (Double  coater) 


Comparison  of  low  and  high  adhesion  coatinQ. 
combinations 

A  common  requirement  in  the  cable  field  work  is 
easy  (mechanical)  strippability  of  the  primary 
coating.  Strippability  depends  on  coating  adhesion 
which  affects  both  temperature  behavior  and 
reliability  of  the  fiber.  To  find  a  coating  with 
good  overall  characteristics  several  tests  have 
been  made  for  three  different  coating  combinations. 


DEGREE  OF  CURE  t%) 


Fig.  6.  Stripping  force  of  the  coating  as  a 
function  of  the  degree  of  cure. 


The  adhesion  was  Measured  in  normal  room  conditions 
(15WH,  23°C)  for  coating  combinations  A,  E,  and 
D  by  stripping  4  mm  of  coating  with  a  Killer-tool 
using  70  m/min  speed.  15  measurements  of  each 
combination  were  plotted  on  a  Weiboll  scale  and 
the  50k  probability  was  taken  as  the  result.  The 
test  was  then  repeated  after  treatment  in  85°C 
water  for  24  h.  The  measurement  was  done  within 
15  min  after  removing  the  samples  from  the 
treatment  conditions.  The  results  are  shown  in 
Fig.  7  for  coating  combination  E  and  the  rest  in 
Table  2. 

The  dynamic  strength  was  also  measured  for  the 
same  coating  combinations  in  room  conditions.  The 
sample  length  was  45  cm  and  25  measurements  were 
made.  The  breaking  strength  was  plotted  on  a 
Weibull  scale.  The  50k-probability  results  are 
shown  in  Table  2.  More  over,  to  get  a  picture  of 
the  long  length  strength  of  the  fiber,  a  3  GPa 
•proof  test*  of  1  s  duration  was  performed  for 
all  three  combinations  and  as  results  the  mean 
survival  lengths  are  given  in  Table  2.  For 
comparison,  mean  survival  lengths  of  three 
different  commercial  available  fibers  were  measured 
giving  values  of  250-500  m. 


Table  2.  Strength  and  adhesion  results  for 
different  coating  combinations 


COATING 

STRIPPING  FORCE 

0YNAHIC 

3  GPa 

C0M8. 

154RH 

85°C 

STRENGTH 

MEAN 

25°C 

water 

24  h 

5O4PRO0 

22°C 

25VRH 

SURVIVAL 

LENGTH 

9 

9 

GPa 

m 

A 

725 

19 

5.62 

1300 

E 

430 

222 

5.32 

400 

D 

22 

25 

2.75 

<10 
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Fig.  8.  Measured  microbending  loss  of  DC  fibers 
with  various  coating  combinations  CA.B.O.E)  and  a 
MC  fiber  (C25Q)  fro*  another  supplier,  toad  on 
sandpaper  5  kg. 
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Fig.  7a.  Coating  stripping  force  at  15WH  and 
25°C  in  a  Weibull  plot.  b.  The  stripping  force  of 
the  coating  after  treatment  in  85°C  water  for  24 
hours. 

The  most  important  external  fiber  loss  mechanisms 
affected  by  the  coating  are  temperature  and 
microbend  effects.  Microbend  loss  susceptibility 
was  evaluated  for  the  different  coating  types 
with  the  sandpaper  method.  A  150  grit  sandpaper 
was  placed  on  top  of  1  m  of  fiber  and  the  loss 
increase  was  measured  for  various  loads  up  to  5 
kg.  After  every  test  series  the  fiber  was  measured 


under  zero  load  to  ensure  that  no  fiber  breakage 
had  occurred.  The  results  reported  in  Fig.  8  for 
a  5  kg  load  are  calculated  fro*  several  repeated 
measurements. 

C2S0  is  a  commercially  available  250 y  coating, 
matched  clad  fiber  used  as  a  reference.  It  should 
be  noted  that  it  has  a  higher  MFD  (10  y*  versus  9 
ym)  than  the  other  fibers  so  it  can  be  expected 
to  have  higher  microbending  loss.  Coating  type  E 
shows  the  best  microbending  performance  with  the 
lowest  average  loss  and  low  scatter  of  measured 
loss  values. 

Fibers  with  the  same  coating  combinations  were 
also  subjected  to  temperature  cycling  in  a 
temperature  range  of  -60..»85°C.  Coating 
combination  0  behaved  best  with  excess  attenuation 
below  0.03  dB/km  at  both  1.3  jim  and  1.55  p* 
wavelengths.  Combination  A  exhibited  an  increased 
attenuation  up  to  0.05  dB/km  at  1.3  jj*  and  0.11 
dB/km  at  1.55  Aim.  E-combination  (Fig.  9)  fibers 
had  maximum  excess  attenuation  below  0.05  dB/km 
at  both  wavelengths. 


ATTENUATION  BEHAVIOR  DURING  TEMPERATURE  CYCLING 


Fig.  9.  Temperature  cycling  results  for  two  fibers 
with  coating  E. 
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TEMPERATURE 


The  strength  results  are  consi stent  with  reported 
behavior  1  and  show  that  it  the  adhesion  decreases 
the  strength  also  decreeses.  Therefore  combinations 
es  0  or  A  have  poorer  reliability  characteristics 
because  the  adhesion  is  too  low  or  can  decrease 
enough  to  cause  failure.  The  temperature  behavior 
on  the  other  hand  would  require  low  adhesion  and 
therefore  coating  combination  C  was  chosen  as  a 
good  compromise,  fulfilling  both  optical  and 
reliability  requirements.  The  E-coating  combination 
can  be  stripped  mechanically  with  proper  tools  or 
chemically  with  MCA. 

Reliability  .tests  and  results 


Strength. 

Reliable  operation  of  optical  fibers  requires 
knowledge  of  the  strength  distribution  since  the 
failure  occurs  at  the  weakest  point.  Usually 
fatigue  parameters  are  determined  from  breaking 
strength  measurements  for  gauge  lengths  in  the 
range  of  0.5-20  m.  However  the  probability  to 
find  low  stress  flaws  is  very  low  in  modern  fibers 
and  the  conventional  method  will  become  very 
laborious  and  time  consuming  and  is  mainly  suitable 
for  lengths  of  100-1000  m.  in  addition,  high 
proof-test  stress  testing  of  several  kilometer 
tong  fiber  lengths  detects  large  flaws  that  can 
be  distributed  several  hundred  meters  or  even 
kilometers  apart,  and  can  thus  give  reliable 
lifetime  prediction  **. 

Using  a  commercially  available  proof  test 
equipment,  ‘screen  tests*  were  performed  at  1 
GPa,  1.4  GPa,  2  GPa,  3  GPa  and  4  GPa  stress  levels. 
The  time  duration  of  the  stress  was  normalized  to 
1  sec  (using  n»23)  because  in  practice  the  proof- 
test  speed  was  reduced  in  order  to  minimize  fibre 
portions  breaking  during  the  start-up  acceleration 
period  of  the  proof-tester.  The  fiber  samples 
were  drawn  from  preforms  made  by  the  HCVD  process 
using  commercially  available  silica  tubes  and 
coated  with  a  UV  curable  acrylate.  The  fiber 
samples  were  tested  only  once  excluding  the  routine 
proof  test  during  the  fibre  manufacturing.  Counting 
the  number  of  breaks  (min  10  or  20  km  tested  fiber; 
the  failure  probabilities  per  m  were  calculated 
at  every  stress  level.  The  results  are  shown  in 
the  Keibull  plot  in  Fig  10. 

The  screen  test  results  were  fitted  to  the 
following  conventional  equation 

ln(l-Fj)-!  ■  m  In  <fs  ♦  In  C 

which  implies  that  the  corresponding  inert  strength 
have  a  similar  distribution.  The  obtained  aw  1.69 
and  C-0. 000418.  The  Weibull  parameters  in  the 
equation  are  related  to  the  inert  strength 
distribution  through  the  static  fatigue  equation 
b. cause  of  the  test  method.  The  well  known 
expression  for  lifetime  prediction  ** 


C  \-suC  ii  ,wwi)  SOtlW  IfSt  lOtl  IC**.! 


scrt5"  ' u,t  rt,uU  1"  •  keibull  plot. 
Thm  obtained  m  and  C  are  used  in  the  lifetime 
prediction. 


can  then  with  the  next  substitutions 
_  11-2  _ 


C,»  (R/i^-C 


V  <  V*  ,V<~\ 


be  written 


a<o»c,)' 


m/m 


»/w 

) 


1/m 


In  order  to  obtain  the  n  value,  two  dynamic  fatigue 
tests  were  performed  and  the  results  were  n»25*/- 
1  in  35WH  and  n«21*/-2  in  60WH.  Both  tests  were 
performed  at  22°C.  Assuming  vf*0.01,  L«1000  and 
tp-1  sec  and  using  the  obtained  n,  m  and  C  values 
the  lifetime  estimate  shown  in  Fig.  11  can  be 
made.  The  results  of  this  method  are  vonsistent 
with  previous  estimations 


Fig.  11.  Lifetime  prediction  based  on  the  m  and  C 
values  obtained  from  the  screen  test.  The  n-21 
refers  to  60WH  while  the  n»25  was  measured  in 
35%RH  in  22°C. 
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Chemical  dur*bnitv;_ru»fi  co« ted  with 
E- combination  were  studied  for 
chemical  durability  for  the  compound  used  for 
cabling  and  also  for  some  other  chemicals.  The 
testing  w»s  done  by  measuring  the  stripping  force 
(4  m  stripping  length)  of  the  coning  ifter 
ageing.  Results  *r*  shown  in  Table  3  tor  E-coating 
prepared  by  tandem  and  double  coating  process. 


Table  3.  Mhenlon  efter  24  h  »*!»* 


Tiber 

Origin*!  60*C 
Dell  > 

«  « 

X 

TooV  ' 
Veter 

8  * 

Seevater 

20*C 

•  * 

K-TmMmm  C. 

ail— 

*06 

n 

252 

41 

318 

77 

t-Oowble  C. 

324 

338 

104 

195 

60 

255 

79 

Cum. Fiber  I 

2  It 

191 

•4 

123 

54 

124 

54 

Cum. Fiber  11 

315 

342 

108 

114 

36 

118 

60 

The  jelly  is  of  a  type  commonly  used  in  loose 
tube  buffering  lines.  The  stripping  force  after 
ageing  in  various  other  types  of  jellies  varied 
between  95  and  105  %  of  the  original  value.  Aging 
results  are  the  saw*  for  both  coating  methods 
within  experimental  accuracy.  A  noticeable  feature 
of  the  E  coating  is  good  resistance  to  water: 
even  after  boiling  in  100°C  water  for  24  hours  the 
stripping  force  is  still  60  %  of  the  original 
value  (see  also  Fig.  7a-b).  Comparison  was  also 
made  with  two  types  of  commercially  available 
fibers  -  Fiber  1  having  lower  adhesion  to  glass 
and  Fiber  II  having  similar  adhesion  to  glass  as 
the  E*coating.  The  lower  adhesion  fiber  shows 
somewhat  more  reduction  in  stripping  force  in  the 
tests  as  compared  to  the  higher  adhesion  coatings. 

Hydrogen  can  cause  long  term  increase  in 
attenuation.  Therefore  hydrogen  generation  of  the 
coating  and  the  cabling  materials  should  be  at 
the  minimum. 

The  hydrogen  generation  of  the  coating  was  measured 
to  be  0.5>il/g  (80°C,  24  hours).  The  fibers  were 
also  subjected  to  a  hydrogen  treatment  (20°C,  14 
days).  The  attenuation  recovered  fully  after  the 
treatment. 

Shore-hardness  was  measured  from  0.5  mm  thick  UV> 
acrylate  films,  cured  by  a  conveyor  belt  radiator. 
Films  were  stacked  and  air  bubbles  were  removed  so 
the  resulting  sample  was  6  mm  thick.  The 
measurement  was  done  according  to  ASTH  D2240. 
Primary  coating  was  tested  with  A-type  durometer 
giving  the  value  45-50  for  the  E-comoination. 
Secondary  coating  was  tested  with  0-type  durometer 
giving  the  value  60-65. 

Abrasion  resistance  was  tested  by  pouring  sand 
through  aim  long  20  mm  diameter  tube  onto  the 
fiber  under  0.4  GPa  tension.  After  20  kg  of  sand 
only  the  surface  of  the  coating  became  dimmer, 
but  no  other  effects  were  observed. 


Fiber  and  cable  results 

with  the  E  coating  typical  attenuation  values  for 
the  manufactured  fiber  are  below  0.38  and  0.25 
dl/km  at  131P  and  1553  nm  respectively.  The  best 
achieved  values  are  0.34  and  0.18  d8/km  for  the 
respective  wavelengths.  This  is  very  close  to  the 
theoretical  limits  of  the  fiber  type  so  it  is 
evident  that  the  coating  does  not  impair  the 
attenuation  performance  of  the  fiber.  The  coating 
also  acts  as  an  efficient  cladding  mode  stripper 
facilitating  easy  measurements,  though  on  some 
rare  occasions  whispering  gallery  modes  have 
been  observed  in  cutoff  wavelength  J**surements. 

The  E  coated  fibers  have  betn  used  in  the  delivery 
of  the  figure-8  type  of  aerial  cables  (Fig.  12  a) 
and  stranded  loose  tube  buried  cables  to  very 
severe  conditions  in  the  northernmost  part  of 
Finland  (arctic  latitude  68^0.  The  cables  were 
installed  ard  fusion  spliced  in  sub  zero 
temperature  field  conditions  with  no  problems.  An 
example  of  temperature  cycling  results  for  the 
aerial  cable  is  shown  in  Fig.  13. 


:al  fibers, 
AL  SPACE 


STEEL  WIRE 
arhouring 


OUTER  PLASTIC 
SHEATH 


Fig.  12  a.  Figure-8  type  of  aerial  cable,  b. 
Single  loose  tube  cable  design  with  spiralling 
channel  for  direct  burial. 
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Tht  E  coated  fibers  have  also  been  used  in 
manufacturing  the  experimental  single  loose  tube 
cable  where  fibers  are  arranged  through  a 
spiralling  channel  in^he  tube,  see  Fig.  12  b.  In 
this  new  Spiral-Space™  design  the  cable  core 
has  largely  the  seme  strain  and  contraction  margins 
as  in  stranded  loose  tube  designs  but  typically 
smaller  outer  diameter.  Temperature  cycling  results 
are  comparable  to  the  stranded  loose  tube  aerial 
and  buried  cables  but  the  crusn  strength  is 
considerably  improved,  Fig.  14.  Because  of  simple 
manufacturing  this  new  design  can  offer  a  very 
attractive  small  size  and  potentially  low  cost 
alternative  for  direct  burial  by  ploughing. 


•01 

lilSSi* 

^  _ 

•41 

Fig.  13.  Temperature  cycling  results  of  aerial 
cable. 


CRUSH /( kg  / 10  cm /I  mini  1.3  pm 


Summ«rv 

We  have  used  both  tandem  and  wet-on-wet  double 
coating  processes  for  application  of  the  acrylate 
coating  in  production  conditions.  Rouble  coating 
is  a  convenient  method  and  provides  faster  drawing 
speed  in  short  towers.  A  theoretical  modnl 
developed  for  the  coating  application  process 
agrees  well  with  experimental  results  and  can  be 
used  for  optimizing  coating  dies  and  pressures. 
Performance  of  the  fiber  and  the  reliability 
parameters  were  equivalent  with  both  methods. 

The  curing  process  has  an  important  effect  on  the 
optical  and  environmental  performance  of  the 
coated  fiber.  The  FTIR-technique  was  used  for 
investigation  of  the  curing  process  and  to  make 
sure  of  an  optimized  degree  of  cure.  The  FTIR 
technique  is  a  fast  and  accurate  method  for 
measurement  of  the  degree  of  cure  of  the  coating 
surface.  In  our  process  the  degree  of  cure  at  the 
glass  coating  interface  can  be  tested  by  measuring 
the  stripping  force.  A  linear  relationship  was 
found  between  the  stripping  force  and  the  degree 
of  cure  as  measured  by  the  FTIR  technique. 

Lifetime  estimates  based  on  a  novel  high  stress 
screen  test  technique  agree  well  with  results 
reported  elsewhere. 

Coatings  with  varying  adhesion  to  glass  were 
tested  for  optical  and  reliability  performance, 
it  was  found  that  coatings  with  low  adhesion  to 
glass  had  luwer  strength,  although  the  temperature 
and  microbending  properties  were  good.  A  coating 
combination  (E)  having  good  adhesion  to  glass  in 
all  conditions  was  chosen  as  the  besf  >ne 
fulfilling  both  optical  and  reliability 
requirements.  This  combination  has  good 
temperature  and  micrcbsnding  performance  while 
attaining  good  predicted  lifetime  and  reliability. 
The  coated  fiber  has  proven  easy  to  handle  in 
cabling  and  splicing. 

Fibers  coated  with  E-combination  have  been  produced 
and  used  in  buried  and  aerial  fiber  optic  cables. 
These  cables  have  shown  good  field  performance  in 
northern  climatic  conditions. 
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Fig.  14.  Typical  attenuation  increase  as  function 
of  crushing  force  for  various  cable  designs,  a) 
stranded  tight,  b)  stranded  loose  tube,  c)  slotted 
core,  d)  single  loose  tube  with  spiralling  channel, 
a,  b,  c  with  1.4  mm  diam.  steel  wire  armoring,  d 
with  0.8  mm  wire  armoring. 
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ABSTRACT 

low-lo«3  Jointing  of  optical  fibers  generally 
requires  sophisticated  devices.  Worldwide,  optical 
fibers  are  todoy  joined  by  fusion  splicers  or 
rather  complex  mechanical  splicers,  as  this  Method 
yields  good  results. 

Now,  a  reusable  Mechanical  splice  has  been 
developed  which  does  not  only  yield  excellent 
splice  results,  but  can  rapidly  be  saseMbled  and 
dismantled.  This  splice  is,  therefore,  the  ideal 
jointing  device  for  all  jumpering  and  distribution 
points  in  fiber  optic  cable  networks. 

The  fiber  optic  mechanical  splice  is  quick  and 
easy  to  assemble  and  requires  no  special  tools  or 
external  power  source.  It  works  on  a  clamping 
principle  so  that  adhesives  become  unnecessary. 
The  fiber  end  faces  need  no  polishing. 


INTRODUCTION 

In  the  immediate  future,  the  extension  of  the 
fiber  optic  cables  network  will  require  a  splicing 
method  to  achieve  optimol  values  of  attenuation  at 
the  least  possible  cost.  In  particular  local  urea 
networks  (LAN)  with  their  large  number  or  splices 
require  a  highly  productive  splicing  method.  As 
only  short  fiber  routes  need  to  be  spliced,  the 
insertion  loss  is  not  of  such  importance.  Thanks 
to  today's  production  methods,  optical  fibers  ore 
produced  to  such  close  tolerances  that  they  can  be 
aligned  with  each  other  very  exactly  in  a  high- 
precision  V-groove.  The  reusable  mechanical  joint¬ 
ing  technique  here  provides  a  high-quclity  and 
durable  splicing  technique  for  individual  fibers 
or  units.  Since  no  bonding  or  polishing  is 
necessary,  the  splices  can  be  assembled  in  a  very 
short  time  under  field  conditions  without 
requiring  special  tools.  The  reusable  mechanical 
splice  can  also  be  used  for  jumpering  optical 
fibers.  Field  trials  confirm  their  suitability  for 
route  installation  in  every  respect.  Being  easy  to 
handle,  the  splices  very  rapidly  gained  acceptance 
among  the  craftsmen. 

The  following  paper  describes  this  new  mechanical 
splicing  technique  for  single  and  ribbon  optical 


fibers.  The  Mechanical  design,  mode  of  operation 
and  preferred  installation  locations  are  descri¬ 
bed.  Results  of  extensive  laboratory  tests  and 
field  experience  are  discussed. 


Reusable  Mechanical  Splice 


FEATURES  OF  TIC  REUSABLE  SINGLE-FIBER  CONNECTOR 

With  the  reusable  single-fiber  splice  (Fig.  1) 
single-mode  and  multimode  optical  fibers  with  a 
coating  diameter  or  250  pm  can  be  quickly 
installed  without  special  tools  and  external 
energy.  For  fibers  with  a  larger  coating  diameter 
the  clamping  j9ws  are  serially  graded  and  appro¬ 
priately  color-coded.  In  contrast  to  the 
conventional  mechanical  splices,  the  fiber  ends 
need  no  special  preparation  (Fig.  1,  2).  Bonding 
and  laborious  grinding  of  the  end  faces  with 
special  tools  are  no  longer  necessary.  Both  fiber 
ends  are  simply  cut  to  length  with  a  fiber  cutter 
and  inserted  into  the  sii.ole-fiber  splice.  By 
pushing  specially  shaped  clamping  rings  into  posi¬ 
tion  the  optical  fibers  are  durably  joined  and 
held  together. 

The  compact  dimensions  of  the  splice  allow  it  to 
be  accomodated  in  a  confined  space.  Several 
splices  can  be  stored  under  vibration-free  condi¬ 
tions  in  a  plastic  splice  holder.  (Fig.  2).  The 
securing  combs  permit  easy  insertion  and  removal 
of  the  splices  by  applying  pressurfc  on  one  side. 
This  considerably  simplifies  later  jumpering  of 
the  fibers.  As  a  rule  the  fiber  requires  no  new 
cutting  for  the  jumpering  process.  In  addition  to 
the  usual  single-mode  permanent  connection  for  on 
route  installation  in  closures,  the  reusable 
single-fiber  splice  can  also  be  installed  at 
jumpering  points  such  as  in  exchanges  and  cable 
distribution  cabinets. 
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Spar*  fibers  can  b«  capped  with  a  splice  and  acco¬ 
modated  in  the  splice  holder,  if  required,  they 
can  be  lined  up  and  allocated  at  any  time.  thanks 
to  its  siapla  hendlin  the  splice  can  a.' so  be 
used  as  a  fast  repair  splice,  furthermore,  given 
its  compact  design,  it  ia  suitable  as  a  low-coat 
splice  in  building  installations. 


Fig.  2 

Splice  Holder 


FUNCTIONAL  PR1NCIPLC  Of  THE  SINGLE-FIBER  SPLICE 

The  fiber  manufacturing  tolerances  guarantee  ade¬ 
quately  exact  centering  of  the  fiber  core  via  the 
cladding  glass.  Adjustment  of  the  optical  fibers 
to  be  connected  is  elegantly  simple.  In  a  high- 
precision  V-groove,  the  heart  of  the  splice,  the 
two  fiber  ends  are  aligned  via  their  outside 
diameters  (Fig.  3). 


Fig.  3 

Functional  Principle 


This  part  is  made  of  monocrystalline  silicon  -  a 
material  that  is  known  from  semiconductor  techno¬ 
logy  and  has  found  an  increasing  number  of  appli¬ 
cations  in  micromechanics  over  the  past  few  years. 


Qy  an  anisotropic  etching  method  the  silicon  is 
controllcdly  removed  along  the  crystal  orienta¬ 
tion,  tlxis  producing  a  high-prerision  V-groove 
(rig.  5,  fi,  7).  The  fiber  cores  are  aligned  an  on 
an  "optical  bar".  A  cover  fixes  the  fiber  ends  and 
adjusts  them  in  the  V-groove.  The  fibers  are  thus 
well  protected  against  mechanical  stress. 


DESIGN  OF  TIC  flDCR  OPTIC  HECHANiCAL  SPL’tX 

— — — — "«»■«■  —"i  —  ■  — — — ■ — — — . .  iw.mii—  Hi— 

Tins  reusable  single-fiber  splice  is  about  AO  mr 
long  and  A  mn  in  diameter  (Fig.  A).  It  is  cylin¬ 
drical  In  shape  and  composed  of  the  following 
parts: 

-  basic  body  (sluminlum) 

-  three  section  guide  rail  (silicon) 

-  transparent  cover  (plastic) 

-  two  clamping  Jaws  (plastic) 

-  two  clamping  rings  (metal) 


(aaiai) 

Fig.  A 

Components  of  the  Mechonicol  Splice 


The  three  section  guide  rail  is  bonded  into  the 
basic  body  at  the  works.  The  central  8ection  of 
the  guide  rail  has  s  high-precision  V-groove 
etched  into  its  top  side.  The  optical  fiber  can  be 
readily  pushed  forward  into  the  splice  plane  under 
the  radially  movable  cover.  The  cover  is  transpa¬ 
rent  to  permit  observation  of  the  splicing  process 
if  required.  The  underside  of  the  cover  has  a 
recess  at  either  end  to  accept  the  coating.  This 
step  forms  a  longitudinal  stop  for  the  end  of  the 
coating.  The  coating  is  only  allowed  to  enter 
within  this  recess.  This  ensures  that  the  fiber  is 
spliced  in  the  middle,  flat  part  of  the  cover. 
When  assembled,  the  cover  presses  the  fiber  ends 
in  the  cladding  area  into  the  common  V-groove.  In 
the  same  operation,  the  optical  fibers  are  also 
mechanically  stress-relieved  by  two  clamping  jaws. 
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T'rt«*«  press  r*d,.«lly  on  the  costing  thus  fixing 
>:hs  fibers.  Together  with  the  cover  they  cloee  off 
the  upper  aide  of  the  beeic  bedy.  The  optical 
fibera  are  thuc  protected  againat  environmental 
influence*. 
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rig.  5 

Fiber  Optic  Mechanical  Sniice  Attenuation 
(250  pin/250  pm) 


SPLICING  PROCEDURE 


The  aplicing  of  optical  fibera  with  the  reuaable 
aplice  io  very  simple.  The  coating  ia  removed  froai 
the  fiber  using  a  stripper,  the  cladding  area  is 
cleaned  sf  residues  with  an  alcohol- soaked  cloth 
and  the  Tiber  ia  cut  with  a  fiber  cutter.  The 
cutting  length  can  be  easily  adhered  to  accurately 
enough  with  a  simple  optical  marker. 

The  insertion  funnels  at  the  end  of  the  aplice 
permit  easy  insertion  of  the  fibers.  While  pushing 
the  fibera  into  the  funnels  they  can  be  observed 
through  the  transparent  cover.  The  optical  fiber 
ia  fixed  with  the  clamping  ring  when  it  shuts 
againat  the  length  limit.  The  splicing  procedure 
is  completed  by  sliding  the  clamping  rings  as  far 
ws  the  prescribed  stop.  The  fibers  to  be  connected 
are  thus  optimally  aligned  and  mechanically 
strain-relieved. 


MULTI-FIBER  SPLICING  TECHNIQUE 


Thanks  to  the  modular  design  of  the  single-fiber 
splice,  it  can  easily  be  converted  into  a  multi¬ 
fiber  splice.  Only  the  silicon  part  needs 
replacing  by  a  2-  or  4-groove  part  (Fig.  7). 
Constructional  design,  function,  handling  and 
outer  dimensions  are  identical  co  those  of  a 
single-fiber  splice.  Also  the  installation  time 
remains  the  same,  even  if  2-  or  4-flber  ribbons 
are  spliced.  This  considerably  increases  producti¬ 
vity. 


The  splice  is  supplied  at  tiro  works  with  index- 
mstchlng  fluid,  guaranteeing  good  insertion  loss 
with  high  return  loss  and  good  longitudinal  stabi¬ 
lity  (Fig.  5).  The  filling  of  index-Mtching  fluid 
is  sufficient  for  several  splicing  processes. 
Tests  have  shown  that  tha  insertion  loss  does 
not  appreciably  change  if  a  splice  is  used  severnl 
times  (Fig.  6). 

If  necessary,  the  splice  can  be  easily  dismantled 
by  pushing  apart  and  turning  the  clamping  rings. 
After  refilling  the  splice  with  index-matching 
fluid,  it  is  ready  for  further  splicing. 


Fig.  6 
Attenuation 


Fig.  7 

Four  Fiber  Mechanical  Splice 


On  conventional  ribbon  fibers  the  cladding  can 
often  only  be  removed  by  a  thermal  method.  As  the 
fibers  still  need  to  be  cut  without  great  length 
differences,  they  are  cut  in  one  operation.  The 
individual  installation  steps  are  made  easier  by  a 
simple  installation  unit.  With  this  auxiliary 
unit,  ribbons  can  be  thermally  stripped  of  coating 
and  subsequently  cut  to  length  by  a  fiber  cutter. 
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The  cut  fiber  aods  ere  inserted  into  the  splice  on 
a  mounting  rail.  Inatallation  ia  thus  very  simple 
and  not  craftaenaitive. 


Fig.  10 

Hulti fiber  Splice  -  Temperature  Tet': 


Mg.  8 

Tnaperature  Teat 


RCSULTS  OT  THE  FINISHED  INSTALLATIONS 

Comprehensive  splicing  testa  were  carried  out  in 
the  laboratory  and  in  the  field  (Fig.  5,  6,  8). 
It  was  shown  that  even  with  frequent  reconnection, 
the  loss  values  were  subject  to  only  very  low 
scatter.  High  reproducioillty  of  the  splice 
quality  ia  thus  assured  (Fig.  6).  The  Insertion 
loss  was  measured  in  single-mode  fibers  at  1300 
and  1500  nm  (Fig.  5).  No  appreciable  difference  in 
loss  behavior  was  ascertained.  Tne  return  loss  is 
greater  than  40  d8.  The  splice  meets  Bellcore 
Technical  Reference  TR-TSY.00004Z.  The  4-fiber 
splice  (Fig.  9  and  10)  stowed  a  similar  behavior. 


Reusable  Multifiber  Splice  for  Ribbons 


APPLICATION  RANGE  OT  THE  MECHANICAL  SPLICE 

For  a  number  of  applications,  such  ss  repair 
splices,  branching  closures,  terminal  distribution 
boxes  and  subscriber  lines,  the  mechanical 
splice  provides  a  fast  and  durable  splicing  method 
without  great  technical  complexity.  The  results 
obtained  in  the  laboratory  and  field  trials  allow 
even  more  widespread  applications  of  the  reusable 
splice.  With  this  splice  all  incoming  and  outgoing 
fibers  can  be  joined  safe,  simple  and  cheaply. 


SUWARY 


The  design  and  functional  principle  of  the  mecha¬ 
nical  splice  were  explained  in  this  paper,  start¬ 
ing  with  the  single-fiber  up  to  the  4-fjoer 
splice.  The  single-  snd  multi-fiber  splices  are 
made  of  a  modular  design  so  that  all  splices  can 
be  handled  in  a  similar  manner.  They  have  the  same 
dimensions  and  can  thus  be  adopted  into  the 
universal  technology  without  modifications.  As  the 
mechanical  splices  require  no  special  preparation, 
they  can  also  be  used  as  repair  splices  in  the 
field.  Thanks  to  their  mechanical  design,  adhe¬ 
sives  and  the  grinding  of  end  faces  become 
unnecessary.  Permanent  cohesion  is  obtained  by 
clamping  on  the  cladding  glass,  whereby  the 
optical  fiber  is  strain-relieved. 
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A  MOTBL,  EASY  BMTXY,  AXXZAL  SFLXCS  CLOSURE 


KENNETH  D.  REBERS 


3M 


mna 

The  design  of  aerial  talaphona  cabla 
syataaa  typically  incorporatas  fraa 
breathing  cabla  and  splica  closuraa. 
Aarial  splica  closures,  installed  at  any 
point  of  access  to  tha  cabla  core,  provide 
physical  protection  and  shielding  froa 
weather,  sunlight  and  insects. 

A  new  splice  closure  system  has  bean 
developed  which  incorporatas  a  novel, 
double  wall  blow  Bolding  technology  to 
form  a  very  lightweight,  strong  closure 
body.  The  systea  also  includes  a  two- 
segment,  rubber  end-seal  which  provides 
easy  installation  and  superior  integrity. 
All  components  are  praassemblad  for  ease 
of  installation.  The  new  aerial  closure 
system  has  been  subjected  to  all  industry 
performance,  application-specification 
tests.  Tha  results  of  these  tests,  in 
addition  to  field  tests  will  be  reported. 


IOTMPPCTI0M/BACM1W9HP 

Aerial  Splice  Closures  are  used  by  tha 
telephone  industry  to  protect  telephone 
cable  splices,  provide  mid-span  draining, 
and  to  cover  areas  that  have  been  damaged 
by  rodents  and  birds.  Telephone 
companies,  for  years,  have  had  to  use 
closures  that  were  difficult  to  install, 
had  many  loose  parts,  and  did  not  do  an 
effective  job  of  keeping  out  bugs,  birds, 
or  rodents.  Closures  with  a  number  of 
piece  parts  run  the  risk  of  being 
installed  improperly  because  of  missing 
parts  or  incorrect  assembly.  Many 
closures  were  also  very  heavy  and  required 
more  than  one  person  to  install. 

Sealing  the  cable  entry  to  the  closure  is 
a  major  issue.  Most  closures  use  end  caps 
which  reguire  cutting  of  material,  which 
many  times  is  a  difficult  process  and  may 
even  require  the  use  of  a  saw.  A  number 
of  closures  require  the  use  of  drip 
collars  because  of  ineffective  tape  seals 
or  fasteners  such  as  cable  ties  and  rails. 
A  conical  end  cap  design  requires 


customers  to  stock  single,  double,  or 
triple  caps.  Some  closure  end-seals  use 
soft  elastomers  that  have  poor  hydrocarbon 
resistance,  and  promote  the  growth  of 
fungus. 

Ventilation  is  necessary  to  dry  out 
splices  that  become  wet  from  water 
traveling  inside  the  cable  due  to  cracked 
sheath  or  from  damage  caused  by  rodents. 
There  is  also  a  need  to  dry  out  the  splice 
from  high  humidity  in  certain  areas.  The 
hanging  system  for  closures  is 
accomplished  in  two  different  ways.  Some 
closures  are  banded  directly  to  the 
strand,  while  others  are  placed  in 
position  by  hangers.  The  grounding  system 
for  closures  that  are  banded  to  th»  strand 
needs  a  separate  wire  run  through  the  end- 
seal,  and  requires  a  grounding  clamp, 
(typically  not  provided)  to  attach  to  the 
strand.  When  using  a  hangar  system,  no 
extra  parts  are  necessary.  The  ground 
path  goes  directly  through  the  hanger, 
which  is  a  conductive  material,  preferably 
aluminum. 

Access  to  splice  closures  depends  on  tha 
closure  design.  Some  closures  have  bottom 
rails  that  secure  the  closure  by  sliding 
on  parallel  to  the  closure,  and  others  use 
screws  or  hose  clamps  to  secure  the 
closure.  All  of  the  above  are  time- 
consuming  ways  to  gain  splice  access.  The 
trend  of  aerial  closure  design  is  to  make 
it  as  easy  as  possible  to  gain  splice 
access  by  using  latches  or  similar  devices 
that  are  an  integral  part  of  the  closures. 


Extending  aerial  closures  for  sheath 
pullout  has  always  been  very  cumbersome, 
if  not  impossible.  Some  designs  require 
additional  kits  for  extension. 
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Target  requirements  vara  sat  An 
cooperation  with  a  telephone  operating 
company  at  the  initiation  of  the  closure 
design  prograa.  The  closure  was  designed 
to  aeet  all  industry  specifications  for 
aerial  splice  closures.  Also,  it  was 
decided  that  a  ainiaua  nuaber  of  parts 
would  be  used  for  hit  asseably  and 
installation.  The  closure  would  be 
available  in  sites  ranging  froa  2.2  inches 
(55.9  aa)  inside  diaaeter  to  7.5  inches 
(193.0  aa)  inside  diaaeter.  The  splice 
opening  would  range  froa  14"  inches  (355.6 
aa)  to  21  inches  (533.4  aa) . 

The  end-seals  need  to  be  easy  to  install, 
should  not  require  the  use  of  drip 
collars,  and  should  accoaaodate  cable 
diaaeters  ranging  froa  0.2  to  3.1  inches 
(5aa  to  97aa) .  The  closure  should  provide 
adequate  ventilation  and  still  prevent 
insects  froa  entering.  Standard  closures 
should  have  an  inteqral  hanger  system  with 
a  floating  bond. 

Installation  of  the  closure  should  be 
accoaplished  with  the  use  of  a  standard 
terainal  wrench,  snips,  and  a  sheath 
knife.  Reentry  of  closure  should  be  done 
without  special  tools,  without  disruption 
of  end-ser Is,  and  would  take  no  longer 
than  one  minute -for  the  person  to  gain 
access.  Extendibility  of  the  closure  aust 
be  craft  friendly  and  require  a  ainiaua 
aaount  of  tiae. 

PKY1L0PHJMT  WMMH 

The  new  aerial  closure  was  designed  to 
aeet  the  changing  needs  of  customers.  The 
requirements  listed  above  could  not  be 
satisfied  by  any  existing  closure. 

The  method  of  manufacture  was  a  deciding 
factor  when  it  came  to  picking  a  material 
for  the  closure  body.  The  closure  needed 
to  withstand  high  impact  loads  at  -40®F  to 
140*F  (-40®C  to  60®C)  and  still  remain 
flexible  at  these  temperatures.  Because 
of  these  requirements,  a  double-wall  blow 
molding  process  using  a  polyethylene 
material  was  selected.  The  double-wall 
feature  gives  the  closure  superior 
strength  with  minimum  weight.  The 
strength  is  derived  from  the  box  structure 
obtained  with  the  double-wall  blow  molding 
process.  A  similar  injection  molded  part 
with  the  same  strength  characteristics 
would  have  to  be  much  thicker  and 
therefore  heavier.  Even  then,  warpipg 
problems  may  be  encountered  with  injection 
molding. 


The  process  of  double  wall  blow  aolding 
permits  more  design  freedoa  than  standard 
blow  aolding  or  injection  aolding.  Design 
features  on  the  inside  wall  are 
independent  of  features  on  the  outside 
wall.  Also  compression  aolding  the  two 
walls  together  gives  similar  strength 
characteristics  of  injection  molded  parts. 
The  compression  molding  process  was  used 
to  increase  the  strength  of  the  hanger 
bracket  and  latch  areas.  It  also  was  used 
to  seal  the  two  walls  together  at  the 
center  of  the  closure.  This  permits 
cutting  a  closure  in  half  for  extending, 
while  still  maintaining  environmental  and 
structural  integrity.  The  double-wall 
feature  permitted  a  unique  design  for 
extending  the  closure  by  allowing  the 
design  of  the  interlocking  tongue  and 
groove  system.  The  end-seal  retention 
area  is  designed  on  the  inside  of  the 
closure  while  the  extendibility  features 
are  on  the  outside.  The  interlocking 
tongue  and  groove  design  locates  the 
extension  half  radially  with  respect  to 
the  main  closure.  In  total,  the  double¬ 
wall  blow  noldod  closure  could  be  in  a 
one-piece  design  having  superior  strength, 
light  weight,  excellent  hinge  strength  and 
flexibility  characteristics,  with  design 
features  on  the  inside  and  outside. 

The  end-seal  material  needs  to  be  very 
stable  in  flexibility  and  be  fungus 
resistant.  The  material  chosen  was  a 
thermoplastic  rubber.  The  thermoplastic 
rubber  is  made  of  two  aain  components,  a 
rubber  component  that  gives  cold 
temperature  flexibility,  and  a  plastic 
component  that  improves  the  rigidity  at 
high  temperatures.  Also,  the  material  can 
be  injection  molded  at  superior  rates  to 
rubber  molding.  The  end-seal  design  had 
to  be  craft  friendly  for  ease  of 
installation  while  providing  environmental 
protection.  This  has  been  accomplished 
by  the  accordion  design  of  the  end-seal 
which  allows  the  aaterial  to  conform  to 
cable  irregularities.  For  installation 
on  existing  cable  each  half  of  the  two 
piece  end-seal  design  is  cut  at  a 
different  radial  angle  so  that  there  is 
no  direct  path  for  water.  The  offset  cuts 
stop  the  flow  of  water  into  the  closure. 
The  installation  time  for  these  end-seals 
is  approximately  one  minute  for  both 
seals. 

The  vents  in  the  bottom  of  the  closure  are 
positioned  in  such  a  way  as  to  provide 
ventilation  in  all  situations.  Since  the 
screen  is  positioned  at  an  angle  and  not 
even  with  the  bottom  of  the  closure,  the 
use  of  filled  cable  that  leaks  into  the 
inside  of  the  closure  will  result  in  the 
filling  material  only  covering  a  portion 
of  the  screen.  It  is  made  out  of 
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stainless  steel  tc  prevent  corrosion  build 
up.  being  woven  wire,  it  drains  better 
than  »olded  in  vents.  The  hardware 
features  of  the  closure  were  designed  to 
satisfy  the  reaainder  of  the  product 
requirements.  The  hanger  system,  the  bond 
bar,  and  the  hanger  brackets  are  made  of 
aluminum  to  provide  good  electrical 
conductivity.  The  bond  bar  is  formed  into 
a  channel  which  provides  superior  strength 
for  securing  splice  bundles. 

The  stainless  steel  closure  latches  are 
designed  to  be  craft  friendly  and  provide 
an  environmentally  sound  way  of  securing 
the  closure.  Reentry  of  the  closure  is 
simplified  with  this  latch  design,  and 
disruption  of  the  end-seals  is  not 
necessary.  Reentry  takes  approximately 
five  seconds. 

development  rating 

The  new  aerial  closure  passed  all  Bell  and 
GTE  test  requirements.  Testing  of  closure 
is  reported  in  Ann«ndlx  A. 

FIELD  TRIALS  AMD  RESULTS 

The  first  field  trial  was  with  Bell 
Canada.  Bell  Canada  was  helpful  in 
communicating  their  requirements  for  an 
aerial  closure.  They  were  also  helpful 
in  providing  information  about  the  Bell 
Canada  Standards.  The  first  closures  were 
installed  in  December  1987  and  are  still 
in  service  for  Bell  Canada.  During  the 
field  trial,  and  while  doing  the  Bell 
Testing,  areas  of  concern  were  brought  to 
our  attention.  One  area  of  concern  was 
end-seal  installation.  Bell  Canada  wanted 
to  be  able  to  install  the  end-seal  with 
minimal  cutting.  That  is  one  reason  why 
the  thermoplastic  rubber  was  chosen. 
After  minimal  cuts  are  made  in  the  end- 
seal  the  craftsperson  can  tear  out  the 
center  of  the  end-seal.  Another  concern 
was  the  need  to  band  the  closure  to  the 
strand.  This  was  accomplished  with  the 
design  of  a  hanger  bracket  that 
accommodated  stainless  steel  banding. 
Numerous  field  trials  are  currently 
underway  in  the  United  States  and  in  other 
countries.  The  results  to  date  are 
extremely  positive. 


COMCLUSIOMS 

The  new  aerial  splice  closure  has  met  the 
customer  requirements.  From  the  tests 
performed  and  field  trials  now  in  process 
it  shows  that  the  domestic  and 
international  customers  arm  very 
interested  in  a  splice  closure  of  this 
type.  The  new  aerial  closure  is  a  one 
piece  closure.  The  end-seals  and  the 
hanger  system  are  integral  parts  of  the 
closure.  The  overall  simplicity,  superior 
environmental  protection  and  stability, 
ease  of  installation  and  reentry  time 
without  the  use  of  special  tools,  and  ease 
of  extendibility  are  all  features  of  this 
closure,  which  are  unsurpassed  by  any 
other  aerial  splice  closures  on  the  market 
today. 


MfMBHl 

CLOSURE  TESTING 

SEALING  CAPABILITY 

MATER  -JUaBUSIQML  This  test  is 
designed  to  determine  the  capabilities  of 
the  splice  closure  to  prevent  water 
intrusion.  The  samples  are  prepared  with 
cable  ends  extending  12.00  inches  (.3 
meters)  beyond  the  entrance  point  of  the 
splice  closure.  The  cable  ends  are  capped 
using  an  approved  method.  Hater  is 
sprayed  at  a  45*  angle,  with  a  flow  rate 
of  14.5  gallons  (55  liters)  per  minute  and 
a  water  head  pressure  of  10  ft.  (3 
meters) .  The  spray  head  is  positioned  6.5 
feet  (2  meters)  from  the  test  samples. 
The  water  is  sprayed  for  s  period  of  five 
minutes.  This  test  is  intended  to 
simulate  a  severe  wind  driven  rain.  Any 
amount  of  water  permitted  to  penetrate  to 
the  splice  bundle  would  constitute  a 
failure.  During  the  test,  watesmo  paper, 
which  if  exposed  to  water  would  turn  blue, 
was  wrapped  around  the  cable  splice  and 
around  the  cable  near  the  inside  of  the 
end-seal.  During  the  test  there  were  no 
failures  where  water  contacted  the  watesmo 
paper  and  turned  it  blue. 

MATER  FLOW  14.5  GAL  (55  liters)  TEA  KIM 
MATER  PRESSURE  10FT  (3.0  meters)  MEAD 
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HK&mil— IlfiBXKESSi.  Thi*  tut  i* 
designed  to  determine  the  capabilities  of 
the  uplice  closure  to  prevent  dust 
intrusion.  The  samples  are  prepared  with 
cable  ends  extending  12.00  inches  (.3 
meters)  beyond  the  entrance  point  of  the 
splice  closure.  Three  black  foam  dust 
collectors  are  placed  inside  the  closure 
in  a  horizontal  plane.  On  closures  with 
extensions,  one  more  dust  collector  was 
added.  Two  pounds  of  325  mesh  white 
silicate  dust  is  accelerated  to  a  velocity 
of  50  mph  (95.5  kph)  aimed  at  the  closure. 

Any  dust  collector  wiu*  a  "whiting”  rating 
greater  than  4  results  in  failure.  Of  the 
all  the  closures  tested,  only  one  dust 
collector  showed  a  rating  of  1  and  this 
collector  was  located  near  the  vent 
screen.  The  screens  were  not  covered  for 
this  test  and  air  flow  was  permitted 
through  the  closure.  The  other  collectors 
had  a  o  rating.  (See  scale  for  "whiting" 
below) . 


SILICATE  DOST 


50  Mra  (95. S  EPS) 


•eUlTIXC*  KVAmMAft 
WA|*UT1»«  WAT  ACxVmMATIC* 


S&IXJSJEB&Il  The  salt  fog  spray  test 
is  performed  in  accordance  with  ASTM  B117 
for  30  days.  Both  ends  of  a  200  pair 
cable  shall  exit  the  test  chamber.  The 
pairs  at  one  end  are  energized  with  41  VDC 
while  the  other  end  is  cleared  and/or 
capped.  All  tips  are  joined  together  and 
all  rings  are  similarly  treated  as  one 
ring  conductor.  Measurements  are  made 
between  the  tip  group  and  ring  group  with 
an  applied  voltage  of  100  VDC;  a 
measurement  is  made  every  24  hours.  The 
4t  VDC  is  temporarily  removed  during  t‘..e 

measurement  process.  The  minimum 
insulation  resistance  shall  not  be  less 
than  1  Megohm.  Evidence  of  corrosion  on 
any  of  the  metal  components  constitutes 
a  failure.  The  closures  that  were  tested 
maintained  resistance  reading*  above  4500 
megohms  and  shoved  no  corrosion  on  any  of 
the  metal  parts. 


KECMANICAL-1KTE5BITY  TESTS 

mEAUSlil.  A  two  hour  vibration  test 
in  two  mutually  perpendicular  planes  is 
required.  During  each  test  the  samples 
are  secured  to  a  vibration  table.  The 
cables  leading  out  of  th«  closure  are 
clamped  to  an  independent  fixture  at  a 
distance  of  1.5  ft.  (0.5  meters),  from 
the  splice  closure  ends.  The  cable  ends 
are  separated  into  tip  and  ring  groups. 
Insulation  resistance  is  measured  before 
and  after  each  two  hour  vibration  period. 
The  vibration  rata  should  sweep  from  10 
Hz.  to  100  Hz.  to  10  Hz.  in  a  period  of 
fifteen  minutes.  Throughout  the  vibration 
sweep  the  samples  should  receive  a 
constant  0.5  g  acceleration.  All  of  the 
vibration  testing  is  conducted  at  room 
temperature.  Any  insulation  resistance 
lower  than  1.0  megohm  or  any  sign  of 
damage  to  the  closure  body  or  end-seals 
constitutes  a  failure  of  this  test.  The 
insulation  resistance  readings  after  the 
vibration  tests  ranged  from  2-30  megohms. 
There  was  no  physical  damage  to  any  of  the 
closures  testud. 
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IHBAZE _ IES1SJL  The  closure  must 

withstand  an  iapact  of  14.75  ft-lbs  (20 
Joules)  at  -40*F  to  140*F  (-40*C  to  60*C) . 
Tha  iapact  is  to  b«  delivered  by  a  4.4  lb 
(2kg)  weight  droppad  3.3  ft  (1  aatar) . 
Tha  weight  is  a  2.0  inch  (50.»aa)  diaaatar 
cylindar  with  a  1.0  inch  (25.4aa) 
spharical  radius  at  tha  striking  and.  Tha 
iapact  tast  is  rapaatad  in  thraa  diffarant 
araas  on  tha  closura.  Tha  iapact  tasts 
showad  no  daaage  to  tha  closura. 


MM  4.4  LS  (2.0  XO)  3.3  XT  (1.0  X) 


STATIC  CRUSH  TEST:  Tha  closura  is  to  ba 
subjactad  to  a  10  ainuta  "crush  tast"  at 
rooa  taaparatura.  A  static  load  of  225 
lb.  (1  XN),  is  appliad  ovar  a  3.9  in*  (25 
ca*)  araa.  Aftar  this  tast  tha  closura 
body  aust  Maintain  its  integrity  without 
any  daaaga.  Tha  saaplas  that  wera  tastad 
showad  dsforaation  under  tha  load  appliad, 
howavar  each  saapla  resumed  its  original 
shape  aftar  tha  load  was  raaovad. 


AXIAL  .TEHSILS-K/LL-IESXl  The  closura 
aust  withstand  an  axial  pull  without  any 
loss  of  mechanical  integrity  at  room 
taaparatura.  Tha  closura  should  provide 
a  ainiaua  sheath  aovaaant  of  4  inches 
(101. 6aa)  on  all  cables.  Kiniaua  loading 
of  a  0.75  inch  diaaatar  (19aa)  cable  aust 
ba  146  lbs  (6S0N) .  Minimua  loading  of  a 
0.75  inch  diaaatar  -  1.93  inch  diaaatar 
(19aa  -  39mm)  cable  aust  ba  292  lbs 
(1300N).  Miniaum  loading  of  a  1.93  inch 

496  lbs  (2200N) .  The  closures'  tested  did 
not  have  to  aaat  these  requirements  due 
to  tha  floating  bond  system.  Tha  limiting 
factor  was  tha  flexible  bond  system,  in 
all  tests  tha  bond  failed  tha  tensile 
force  required.  Tha  bond  strap  ruptured 
between  100  -  135  lbs  (450  -  600  N) .  Kona 
of  tha  end-seals  wera  damaged  as  a  result 
of  tha  cable  being  pulled  through  thea. 


AREA  3.9  IX*  (25  CX1) 
TORCX  225  LBB  (1.0  XX) 


CABLE  FLEXING  TEST;  This  test  requires 
a  cable  to  ba  installed  in  a  closure  and 
flexed  30*  above  and  below  the  neutral 
cable  position.  The  cable  is  flexed  five 
times  at  each  temperature:  -22°F  (-30 #C)  ; 
73*F  (23*C) ;  and  140®F  (60°C) .  After  this 
test  the  closure  aust  maintain  its 
integrity  without  any  damage  to  end-seals 
or  to  the  closure  body.  No  damage 
resulted  to  the  end-seals  or  to  the 
closure  body. 


ELECTRICAL  INTEGRITY _JC£SI 

HIGH  CURRENT:  All  closure  bonding  must 
withstand  1000  amperes  applied  through  the 
cable  shield  for  a  period  of  20 
seconds. Shield  resistance  is  to  be 
measured  before  and  after  the  1000  ampere 
surge.  Any  loss  in  electrical  circuit 
continuity  or  resistance  greater  than  10 
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milliohms  through  tha  bonding  system 
constitutes  a  failure.  This  surge  tast 
ia  to  ba  repeated  thraa  times.  Of  all  tha 
closuras  tested,  tha  highest  reading 
raportad  was  .75  ailliohas. 


MATERIAL  INTEGRITY 

PLASTIC  PARTS;  Tha  plastic  parts  of 
tha  closura  must  ba  rasistant  to  solvents, 
sprays  and  strass  cracking.  Thay  aust  ba 
coapatibla  with  aatals  and  othar  aatorials 
usad  in  conneccors  and  in  cables  such  as 
conductor  insulation  and  filling  compound. 
Plastic  aatorials  usad  must  ba  non- 
corrosiva  to  aatals  and  rasist 
datarioration  whan  exposed  to  industrial 
chemicals,  pollutants  or  ultraviolat 
light. 

METAL  PARTS:  Tha  aetal  parts  aust  ba 
rasistant  to  or  protactad  against  genaral 
corrosion  and  various  foras  of  localized 
corrosion,  including  strass  corrosion 
cracking  and  pitting.  Thay  should  not 
produca  significant  galvanic  corrosion 
affacts  in  wat  or  huaid  conditions  on 
othar  aatals  likaly  to  ba  prasant  in  the 
closura. 

CHEMICAL  RESISTANCE:  Tha  chemical 

resistance  of  tha  closura  and  its 
materials  are  subject  to  the  following  two 
tests.  In  the  first  test,  saapla  plaques 
of  tha  body  and  and-seal  materials  are 
exposed  to  chemicals  commonly  used  in  the 
telephone  industry.  In  the  second  test 
complete  closura  assemblies  are  prepared 
and  soaked  in  selected  chemicals. 

FLEXIBLE.  MATERIALS i  Testing  of 
flexible  samples  performed  according  to 
ASTM  D1693  and  exposed  to  the  following 
commonly  used  chemicals: 

2251  Oil  -  used  in  filling  compounds 
Isopar  M  -  isoparaffinic  solvent  derived 
from  petroleum 
Black  Flag  -  insect  spray 


Tha  saaplas  ara  soakad  in  tha  abova 
chaaicals  for  14  days  at  a  taaparatura  of 
120*r  (49*C) .  Tha  saaplas  aust  maintain 
80%  of  thair  original  valuas.  Tha  and- 
saal  saaplas  tastad  showed  S3, at  of 
initial  hardness  readings  for  tha  2251 
oil,  to. 31  of  tha  initial  hardness 
readings  for  tha  isopar  a,  and  93.9%  of 
tha  initial  hardness  readings  for  tha 
black  flag  insect  spray. 

EIC1C.  MATERIALS;  Tasting  of  rigid 
materials  is  dona  using  tast  bars  2.5"  x 
0.5"  X  0.125"  (64ma  x  13aa  X  3.2am).  Tha 
samples  ara  bant  in  &  thraa  point  fixture 
to  yield  an  outer  fiber  strain  of  .0075 
inchas/inch  (.19aa/aa).  Immediately  after 
installation  into  fixture  thay  ara  placed 
in  tha  chaaicals  listed  below  for  30  days. 
Any  sign  of  cracking  or  crazing 
constitutes  a  failure. 

2251  oil  -  used  in  filling  compounds 
Isopar  M  -  isoparaffinic  solvent  derived 
I! res  pitrclvuM 
Black  Flag  -  insect  spray 

Nona  of  tha  tast  closura  saaplas  showed 
any  signs  of  strass  cracking  or  crazing. 

ASSEMBLED  CLOSURE  CHEMICAL  EXPOSURE: 
A  coaplata  closure  assembly  is  iaaarsad 
in  tha  following  chaaicals  for  72  hours 
at  room  taaparatura. 

3%  Sulfuric  Acid 

100  pa  trichloroaathana  in  water 

0.2  N  sodium  hydroxide 

Swelling,  daforaation  or  softoning  of  tha 
closura  as  wall  as  discoloration  of  tha 
solution  aust  ba  explained.  A  hardness 
test  is  performed  prior  to  and  after 
iaaersion.  Tha  closura  assembly  aust 
retain  80t  of  tha  original  hardness.  Tha 
results  of  this  test  are  86.2%  of  tha 
initial  hardness  readings  with  3%  sulfuric 
acid,  91.2%  of  tha  initial  hardness 
readings  with  100  ppm  trichloroethane,  and 
84.1%  of  initial  hardness  readings  with 
0.2  N  sodium  hydroxide. 


ULTRAVIOLET  RESISTANCE:  Ultra  violet 
test  bar  samples  of  closura  ara  exposed 
to  photo  degradation  for  700  hours  in 
accordance  with  ASTM  G26  and  ASTM  D2565 
procedure  A,  using  a  Xenon  Arc-Type 
weatherometer.  The  test  bars  must 
maintain  80%  of  their  original  tensile 
strength  and  elongation.  The  closure  body 
results  of  this  test  showed  a  retention 
of  102.3%  of  initial  tensile  strength  and 
86.6%  of  initial  elongation.  The  closure 
end-seal  results  of  this  test  showed  a 
retention  of  80%  of  initial  tensile 
strength  and  105%  of  initial  elongation. 
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FWGUS  RESISTANCE:  Tha  closura  and 
and-saal  aatarials  must  not  support  fungus 
growth  psr  ASTM  G-21.  This  tsst  rsquirts 
saaplas  to  b«  incubatad  for  21  days  at 
•2*r  (2«*C) .  A  rating  of  0  is  raquirad 
to  pass.  Tha  rssults  of  thasa  tast  wara 
a  rating  of  0  for  tha  and-saal  and  tha 
closura  body. 


Kan  Rabars  is  a  Sanior  Dasignar  in  tha 
Hatwork  Accassorias  Group  Laboratory  at 
3M  TalCowt  Products  Division.  Ha  has  baan 
angagad  with  tha  dasign  and  davalopnant 
of  outsida  aarial  plant  sinca  1981. 
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FIBER  OPTIC  DROP  CABLES  IN  THE  SUBSCRIBER  LOOP 
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Hickory.  NC  28803 

ABSIBASI  2.0  CABLE  DESIGN 


Optical  fiber  telecommunication  networks  require  drop 
cables  to  ctose  the  gap  between  tha  Iasi  satvica  accass  point 
and  tha  subscribaf  premises.  A  dielectric  drop  cable  was 
developed  lor  usa  In  flber-to-lhe-home  field  trials.  An 
arroorad  version  Is  being  developed  to  meat  Bellcore 
TR  TSY-000843  •Generic  Requirements  lor  Optical  and 
Opflcai/MetaWc  Buried  Service  Cables*  (1|. 

Tha  performance  ot  the  dielectric  cable  meets  or  exceeds 
alt  requirements  ol  Bellcore  TR-TSY-000843. 
Outstanding  values  are  achieved  for  the  Ilex  and  Impact 
lest;  alter  tooo  cycles  or  Impacts  tha  maximum 
attenuation  increase  Is  less  than  0.05  dB/km.  The 
maximum  attenuation  Increase  during  the  cold  bend  lest  Is 
0.1 1  dB/km.  The  combination  ol  suitable  materials  has 
earned  the  oble  UL  approval  for  the  flammability  test 
VW-t  ol  UL  444,  section  25.  The  maximum  attenuation 
change  during  temperature  cycling  {-40  *C  to  +70  *C)  Is 
less  than  0.3  dB/km. 

The  armored  prototype  showed  similar  test  results  as  the 
dielectric  version.  The  test  results  '/ulllll  the 
requirements  ol  Bellcore  TR-TSY-000843. 

The  paper  will  discuss  In  detail  the  design,  materials 
selection  and  performance  ol  both  the  dielectric  and 
armored  cables. 

1.0  INTRODUCTION 

Optical  libers  have  been  used  for  several  years  in  a  targe 
part  ol  the  long  distance  telecommunication  network  in  the 
U.S.  Usually  the  optical  liber  network  ends  at  the  central 
office,  Increasingly  at  the  remote  terminal.  At  the  central 
olllce  or  the  remote  terminal  the  optical  signal  Is  then 
converted  into  an  electrical  signal  and  continues  to  the 
subscriber  premises. 

With  the  Introduction  ol  new  services  which  require  high 
data  transmlsson  to  the  subscriber,  optical  libers  will  be 
necessary  for  the  data  transport  [2], (3).  Several  Held 
trials  have  recently  started  throughout  the  U.S.  to  bring 
the  liber  fo  the  home  (4].{5).  Many  dilferent  topologies  ol 
the  network  are  being  considered.  Our  effort  focused  on  a 
Two  Fiber  Star  Network  |6];  see  Figure  1.  In  this  topology 
a  2-fiber  drop  cable  will  be  necessary  to  close  the  gap 
between  the  pedestal  and  the  subscriber  premises. 


2.t  Dleltcttic  Qtfltt  Dibit 

During  the  design  stage  ot  the  dielectric  drop  cable  no 
specifications  for  optical  drop  cables  tied  been  published. 
Bellcore  TA-843  was  used  as  a  guideline  lor  the 
performance  ot  the  drop  cable  design.  Similar 
requirements  were  given  by  customer  specifications. 

Two  single  mode  libers  with  a  nominal  mode  field  diameter 
ol  9.5  pm  and  a  coating  diameter  ol  500  pm  were  used  as 
optical  waveguides.  The  libers  were  buffered  to  900  pm  to 
make  handling  during  connectorlzatton  as  easy  and  sale  as 
possfole.  The  proven  loose  lube  concept  ol  Mini-Bundle# 
cables  was  used  as  a  basis  tor  the  cable  design.  The  VW  1 
Itame  test  and  the  cold  bend  test  as  required  in  Bellcore 
TA-843  made  it  Impossible  to  use  standard  tube 
materials.  Alter  the  evaluation  ol  several  tube  materials, 
a  Kama  retardent  thermoplastic  elastomer  proved  to  be  the 
best  choice  lo  achieve  good  results.  The  tube  Is  Med  with  a 
highly  viscous  tilling  compound  during  processing  to 
waterbtock  the  cable.  Fiberglass  and  Impregnated  glass 
yarns  are  spun  around  the  tube  as  strength  and 
anllbuckllng  members.  A  thermoplastic  elastomer  was 
chosen  as  Jackal  material  to  achieve  good  results  during 
cold  bend  and  VW  1  Itame  tests.  The  outer  diameter  ol  the 
cable  Is  7.5  mm.  A  cross  section  ol  the  cable  Is  shown  In 
Figure  2. 


2.2  Armored  Disc  Cable 

During  the  development  of  the  armored  drop  cable  Bellcore 
TR-TSY-000843  ‘Generic  Requirements  For  Optical  and 
Optical/Melallic  Burled  Service  Cables*  was  Issued. 
Subsequent  development  was  performed  using  this 
document  as  a  guide. 

Two  single  mode  fibers  with  a  nominal  modefield  diameter 
of  9.5  pm  and  a  coating  diameter  of  500  pm  were  also  used 
as  optical  waveguides  In  this  cable  design.  The  fibers  were 
buffered  to  900  pm  with  nylon.  These  two  buffered  fibers 
were  then  pul  in  a  PE  tube,  which  was  filled  with  a  high 
viscosity  filling  compound.  Because  this  cable  was  armored 
with  a  steel  tape,  flame  resistance  of  the  tube  materiel 
was  not  required.  Fiberglass  used  as  strength  members  was 
spun  around  the  lube.  A  corrugated  5  mil  stainless  steel 
tape  was  applied  over  the  core.  A  flame  retardant  PVC  was 
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used  as  jackal  material.  The  outer  diameter  o<  the  cable  is 
8.5  mm  (Figure  3). 


3.0  CABLE  PERFORMANCE 

The  cable  performance  ot  both  the  dielectric  and  armored 
version  was  determined  alter  intensive  temperature, 
mechanical  and  environmental  testing.  Tests  were  mainly 
done  in  accordance  with  Bellcore  TR-TSY-000843 
'Generic  Requirements  lor  Optical  and  Oprical/Metalllc 
Buried  Service  Cables*.  The  Mowing  gives  a  summary  ol 
the  most  critical  tests. 


3.1  Tamper ahire  Cycling 

The  •'emperature  cycle  was  performed  in  the  following  way: 
3  cydes  from  -40  *C  to  >70  *C.  heat  age  at  8S  *C  for  120 
hours,  2  cydes  from  -40  *C  to  >70  *C. 

During  the  test  the  libers  were  continuously  monitored  at 
wavelengths  ol  1300  nm  and  1550  nm. 

Dielectric  Drop  Cable 

Fig.4  shows  the  attenuation  change  during  temperature 
cycling.  The  maximum  Increase  for  all  cables  occured  at 
•40  *C.  The  maximum  increase  before  heat  aging  is  0.02 
dB/km  for  1300  nm  and  0.15  dB/km  for  1550  nm.  After 
heat  aging  the  maximum  increase  is  0.10  dB/km  lor  1300 
nm  and  0.20  dB/km  for  1550  nm.  The  greater  attenuation 
increase  alter  heat  aging  indicates  some  cable  shrinkage 
during  foe  85  *C  heat  soak. 

Armored  Drop  Cable 

Fig.5  shows  a  typical  graph  ol  the  attenuation  change 
during  temperature  cycling.  The  changes  for  all  monitored 
wavelengths  were  0.01  dB/km  before  heat  aging.  After  the 
heat  soak  the  attenuation  Increased  by  0.01  dB/km  lor 
1300  nm  and  0.04  dB/km  for  1550  nm.  The  steel  tape,  as 
expected,  stabilized  the  oore  structure  and  prevented  the 
cable  from  shrinking. 


3.2  Mechanical  Testing 

Longitudinal  shield  fatigue  test 

The  armored  cable  was  wrapped  around  a  mandrel  with  70 
mm  in  diameter  according  to  the  test  procedure  required 
by  Bellcore  TR-TSY-000843.  The  middle  five  turns  which 
were  examined  did  not  show  any  cracks  in  the  shield. 

Low  and  high  temperature  cable  bend  test 

The  dielectric  drop  cable  was  tested  according  to  FOTP  37 
with  a  mandrel  of  50  mm  end  a  test  temperature  of  -30  °C 
for  the  cold  bend  and  o!  >60  °C  for  the  hot  bend  test.  The 
cable  passed  this  tesi  with  an  average  attenuation  increase 
ol  less  than  0.1  dB  at  both  1300  nm  and  1550  nm. 


The  armored  drop  cable  was  also  tosted  according  to  FOTP 
37.  The  mandrel  diameter  was  SO  mm.  The  test 
temperature  was  -20  *C  for  the  cold  bend  test  and  >60  *C 
for  the  hot  bend  test. 

The  cable  passod  the  bond  tests  without  an  attenuation 
increase  or  cracks  in  the  jacket. 


Impact  resistance 

Both  the  dielectric  and  armored  cable  were  impact  tested 
according  to  FOTP  25  with  an  Impact  energy  ot  4.5  J.  The 
cables  had  no  difficulty  passing  the  required  20  impacts. 
The  attenuation  increase  was  0  dB  tor  all  samples.  Jackot 
cracking  or  splitting  did  not  occur.  Tho  tost  was  even 
extended  to  500  impacts  with  a  maximum  increase  ol  0.07 
dB. 


Compressive  strength 

Ti*o  cables  were  tested  In  accordance  with  FOTP  4 1  up  to 
700  N/cm  toad.  At  this  load  the  maximum  attenuation 
Increase  ol  the  dielectric  drop  cable  was  only  0.02  dB, 
white  the  armored  drop  cable  did  not  show  any  increase. 
The  cables  easily  passed  the  required  load  ol  175  N/cm  for 
the  nonarmored  and  220  N/cm  for  the  armored  version. 
Alter  maintaining  the  load  for  ten  minutes  (which  did  not 
result  in  an  attenuation  Increase)  the  load  was  released  and 
the  attenuation  change  ol  the  dielectric  drop  cable  returned 
to  0d8. 


Tensile  strength  ol  cable 

The  cable  shall  withstand  an  installation  strength  ol  668  N 
(150  lbs)  and  a  long  term  tensile  load  ol  178  N  (40  lbs). 
Fig.  6  shows  the  cable  strain  over  the  tensile  load  for  the 
Dielectric  Drop  Cable.  At  a  load  ol  178  N  the  cable  strain 
was  0.10  %  and  at  668  N  the  strain  went  up  to  0.28  %. 
There  Is  no  attenuation  Increase  resulting  from  the 
measured  cable  strain. 


Fig.  7  shows  the  cable  strain  over  the  tensile  load  tor  the 
armored  drop  cable.  At  a  load  ol  178  N  the  cable 
experienced  a  strain  ol  0.10  %.  The  cable  strain  at  668  N 
was  0.30%. 

In  further  development  work  It  Is  Intended  to  spin  more 
strength  members  around  the  cable  core  in  order  to  reduce 
cable  strain  to  approximately  0.20  %. 


Cable  cyclic  tlexlng 

Both  cables  were  Ilex  tested  according  to  the  Bellcore 
requirements  for  drop  cables.  All  libers  were  monitored  at 
1300  nm  and  1550  nm.  Bellcore  requires  1nQ  flex  cycles 
with  the  libers  exhibiting  an  average  Increasb  ol  less  than 
0.2  dB/km.  All  samples  passed  this  requirements  and  did 
not  show  any  cracks  in  the  jacket. 
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*  ft  fni/lmnniental  Taslino 
Flammability 

Both  cable  versions  meet  the  VW-1  Vertical  Tray  Flam# 
T#*(  o(  Underwriters  Laboratories  UL  444,Section  25, 
There  w#r#  no  dfficuWes  lor  lh*  armored  varslon  passing 
this  last  because  Ih*  armor  pr#v#nts  in*  filling  compound 
from  burning.  But  th#  malarial  salactkm  for  lha  dialacirlc 
drop  cabla  was  vary  critical,  A  llama*ratardant 
lharmoplastic  alaslomar  was  a  sullabl#  material  lor  Iho 
tuba  and  lha  Jacket.  The  flames  self-extinguish  far  before 
lha  allowed  limit  of  60  seconds. 

Gopher  Protaction 

To  protect  the  cable  against  gopher  attacks  a  5  mil 
stainless  steel  tape  Is  longitudinally  applied  over  the  core. 
The  tests  performed  by  the  U.S.  Fish  and  Wildlife  Service 
in  Denver,  Colorado  showed  that  cable  samples  with  a  good 
seal  of  the  overlap  gave  a  sufficient  protection.  In  this  case 
the  gophar  can  not  gat  his  teeth  under  the  tape  and  puH  it 
up.  The  5  mH  tape  is  strong  enough  to  withstand  the  attacks 
of  the  gopher.  Sealing  thi  overlap  is  also  an  Important 
parameter  for  the  quality  of  the  bend  performance  of  the 
cable  (7). [8). 


4.0  CQNCLUSIQNaSUMMAny 

A  2-fiber  dielectric  and  armored  drop  cable  have  been 
developed  to  fit  Ir«  the  topology  of  an  all  fiber  subscriber 
loop.  The  development  was  done  to  meet  the  requirements  of 
Bellcore  TR-TSY-000843  "Generic  Requirements  for 
Optical  and  Opticat/Metallic  Buried  Service  Cables'. 

For  ease  of  handling  and  field  connectorizatlon,  Iho  optical 
elements  in  all  cables  are  two  single  mode  fibers,  tight 
buffered  to  0.9  mm. 

In  the  dielectric  cable  the  fibers  are  contained  In  a  filled 
loose  tube  made  of  flame*retardant  thermoplastic 
elastomer.  Fiberglass  and  Impregnated  glass  yarns  are 
spun  around  the  tube  as  strength  and  antibuckling 
members.  The  core  Is  jacketed  with  llame-retardant 
thermoplastic  elastomer. 

The  design  of  the  armored  cable  Is  similar  to  Iho  dielectric 
cable.  Two  light  buffered  fibers  ate  contained  in  a  lilted 
polyethylene  tube.  The  tensile  and  antibuckling 
requirements  are  met  with  a  steel  tape  and  fiberglass 
yarns.  The  jacket  material  Is  polyvinyl  chloride. 

Both  cables  showed  excellent  performance  during 
temperature  cycling.  The  cables  met  or  exceeded  all 
mechanical  requirements  of  the  TR.  Great  efforts  were  pul 
on  the  selection  of  the  cable  materials  to  pass  the 
flammability  tests.  The  result  Is  that  even  the  dielectric 
version  meets  the  UL  VW-1  flame  test.  The  dielectric  drop 
cable  has  an  outer  diameter  of  7.5  mm  and  the  armored  one 
of  8.5  mm. 


(1  j  Bellcore  TR-TSY-000843,  "Generic  Requirements 

for  Optical  and  CptfcaVMetaXfc  Burled  Setvico 
Cable",  Issue  1,  January  1989 

[2J  P.W.  Shumate  "Ffoer  Optics  In  the  Subsctfcer  Loop* 
Symposium  by  Lightwave  Journal,  Cambridge,  MA, 
June  1988 

|3j  G.Cagie  "Fiber's  Path  In  the  Subscriber  Loop", 
RockweX  International 

(4)  R.M.  Huyler,  O.E.  McGowan,  J  A.  Stiles.  F.J.  Horsey 
The  Architecture  and  Technology  lor  the  All-Fiber 
Loop",  International  Wire  and  Cable  Symposium 
Proceedings,  Reno  1988 

[5]  P.Goessing,  C.Story  'Fiber-optic  Cable 
Characteristics  and  Field  Performance  for 
Subscriber  Loop  Applications*,  Optical  Fiber 
Communication  Conference  Proceedings,  Houston 
1989 

(61  Siecor  Report,  "On  Fiber  to  the  Home",  October 
1,1989,  Volume  1,  No  23,  Siecor  Corp.,  Hickory,  NC 

(71  W.F.  Busch,  K.E.  Bow  "Armored  Sheath  Designs  for 
Military  Base  Fiber  Optical  Cable",  Dow  Chemical, 
GrainviHe,  OH 

(8)  W.F.  Busch,  K.E.  Bow  "Measuring  the  pcrtormanco  of 
Bonded  Sheaths  For  Cable  Applications".  Antec  1 986, 
pp.  243-245 
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Figure  4:  Temperature  Cycling  Behavior  ol  the  Dielectric  Drop  Cable 
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Figure  7:  Tensile  Loed  Behavior  o(  (he  Armored  Drop  Cable 
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ABSTRACT 

An  improved  pulling  grip  installation  procedure  was 
developed  (or  fiber  optic  cables  that  utilize  high 
strangth  yams  as  primary  strength  members.  In  the 
procedure,  coupling  strength  between  yarns  and  the 
pulling  grip  is  obtained  by  using  the  compressive 
force  of  the  grip.  Increased  reliability  is  obtained 
using  Chinese  fingers  type  pulling  grips  and  a 
procedure  that  is  suitable  for  both  factory  and  field 
Installation. 

Covered  are  the  key  areas  of  the  development 
program  and  a  discussion  of  the  procedure  and  the 
concepts  behind  it.  The  development  program 
included  a  tensile  cycling  test  designed  specifically  for 
the  procedure,  testing  under  varying  environmental 
conditions,  and  evaluation  of  the  affects  of  poor 
installation  practices  and  field  trails.  The  result  of  the 
program  was  the  development  of  a  superior  pulling 
grip  installation  procedure  that  utilizes  at  least  50% 
more  of  the  strength  of  the  high  strength  yarns. 

INTRODUCTION 

For  a  number  of  years,  the  use  of  a  wire  mesh 
(Chinese  fingers)  type  pulling  grip  was  recommended 
for  duct  cable  Installation.  This  pulling  grip  also 
contains  a  tie-off  loop  for  anchoring  the  yarn  strength 
member  in  the  optical  cable.  This  procedure  or  some 
variation  of  it  was  widely  used. 

Recent  field  experience  has  shown  that  in  long  pulls, 
where  the  cable's  maximum  tensile  load  is 
approached  (typically  600  pounds),  the  grip  installed 
as  above  may  fail.  This  may  be  described  as  a 
difficulty  in  reaching  the  maximum  load,  as  well  as  a 
large  variability  in  the  load  achieved  before  failure. 

The  main  contributor  to  failure  in  the  procedure  is  the 
knot  in  the  yarn  at  the  tie-off  loop.  Any  time  a  material 
Is  tied,  it  creates  a  weak  spot  by  concentrating  great 
pressure  in  a  small  region  containing  a  sharp  bend  In 
the  material.  In  this  case,  the  knot  is  tied  to  a  loop  of 
stranded  steel  cable,  which  contains  many  sharp 
edges.  Other  variations  exhibited  failure  due  to 


slippage  **  an  Inability  to  grasp  cable  components 
tight  onough  to  withstand  the  tension  being  placed 
upon  them. 


The  need  for  an  improved  pulling  grip  installation 
procedure  was  then  apparent  for  customers  to  be  able 
to  pull  a  cable  reliably  to  its  rated  maximum  tension. 
The  following  are  the  objectives  for  a  new  procedure: 

Improved  Reliability 

Craft-friendly 

Average  load  at  failure  of  1,000  lb  (400  lb 
safety  margin) 

Inexpensive 

Lack  of  a  formal  grip  testing  method  required  that 
there  be  an  objective  way  to  compare  various  gripping 
procedures.  A  second  objective  then  became  to 
develop  a  test  procedure  simulating  actual  field 
conditions  and  quantifying  them  for  comparison 
purposes. 

This  document  describes  the  research  done  to 
successfully  confront  these  issues  and  revise  the 
thinking  on  pulling  grips  resulting  in  a  better  grip.  It 
starts  with  current  methods,  describing  their  strengths 
and  weaknesses.  Better  simulation  of  field  conditions 
in  the  test  lab  is  addressed.  A  prototype  method  is 
decided  upon  and  taken  to  the  field.  Test  and 
customer  feedback  show  the  new  method  meets  the 
stated  objectives. 


PULLING  GRIPS 

The  purpose  of  a  pulling  grip  is  to  provide  an 
attachment  point  that  is  used  to  pull  the  cable  through 
a  duel.  A  good  pulling  grip  couples  to  a  maximum 
amount  of  a  cable's  tensile  strength.  A  number  of 
commercially  available  types  of  pulling  grips  and 
techniques  are  used  successfully  with  fiber  optic 
cable.  Each  type  has  its  own  advantages  and 
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disadvantage.  Among  polling  grips  thara  ara  varying 
reliability,  Installation  aasa,  rausability,  complexity  and 
dagraas  of  cost. 

Crimp  Stvla  Grips 

Ona  ganaral  typa  of  pulling  grip  is  tha  crimp  typa 
pulling  grip  (saa  Figura  A).  Its  main  leatura  is  a 
closely  fitting  matal  tuba  that  is  placad  over  tha  cable. 
Ouring  grip  installation  tha  tuba  is  radially  crimped 
into  the  cable  at  several  locations.  A  crimped  tuba 
provides  some  coupling  to  the  cable’s  tensile  strength. 
Additional  gripping  elements  are  typically  used  in 
conjunction  with  the  crimped  tube.  The  tube  keeps 
the  cable  from  flexing  at  these  gripping  elements. 

The  type  o(  gripping  element  used  with  a  crimped  tube 
depends  on  the  cable  design.  When  a  cable's 
primary  strength  element  is  a  steel  or  a  composite 
fiberglass  rod,  the  gripping  element  attaches  to  the 
rod  with  compression.  Set  screws  are  typically  used 
lor  this  purpose.  With  set  screws  the  fiberglass  rod 
requires  the  protection  of  a  brass  sleeve.  When  a 
cable's  primary  strength  element  is  a  yarn  wrapped 
over  the  cable  core,  the  gripping  element  attaches  to 
the  yarns  with  a  thermosetting  compound,  typically  an 
epoxy.  In  a  hollow  section  of  the  grip  a  plug  is  made 
with  the  yarns  and  the  epoxy. 

The  many  types  of  crimp  pulling  grips  are  relatively 
inexpensive,  however  they  cannot  be  reused.  They 
require  special  hydraulic  crimping  equipment  and 
tooling.  When  installing  a  grip  in  the  field,  this 
equipment  needs  to  be  taken  along.  The  grips  that 
use  epoxy  can  take  longer  to  apply  as  the  epoxy 
requires  a  cure  time.  Crimp  type  grips  are  not  as 
widely  used  in  field  installations  as  Chinese  lingers 
type  pulling  grips. 


Chinese  Eingfirs.Iyafl.firias 

Chinese  lingers  type  pulling  grips  are  a  woven  sleeve 
that  are  typically  placed  over  the  cable  jacket  (see 
Figure  A).  They  are  woven  so  the  sleeve  compresses 
tighter  onto  the  cable  as  the  pulling  force  Increases.  A 
Chinese  fingers  grip  can  be  woven  from  many 
materials,  however  stranded  steel  Is  typically  used. 
They  are  generally  more  expensive  than  a  crimp  type 
grip.  Advantages  of  the  Chinese  fingers  grips  include 
no  special  equipment  is  requirements,  a  simple 
installation  procedure,  and  the  ability  to  be  reused 
many  times.  A  Chinese  fingers  grip  can  be  reused 
until  an  inspection  of  the  grip  finds  broken  or  partially 
broken  steel  strands.  In  reusing  a  grip  the  woven 
sleeve  should  be  smoothed  down  to  recondition  the 
weave. 


In  a  Chinese  lingers  grip  additional  elements  are 
sometimes  added  to  grip  to  other  cable  components 
besides  the  cable  jacket.  A  typical  addition  is  a  loop 
for  attaching  cable  strength  elements.  In  many  ot 
todays  fiber  optic  cable  designs  the  primary  strength 
elements  are  high  strength  yams  wrapped  around  the 
cable  core.  These  yarns  are  connected  directly  to  the 
Chtnese  fingers  pulling  grip  by  knotting  them  on  the 
loop.  High  strength  aramid  yarns  are  typically  used  to 
obtain  high  knot  strengths.  Their  high  strength,  good 
cut  through  resistance  and  toughness  make  them 
good  choices  for  knotting.  Other  high  strength  yarns 
are  used  in  fiber  optic  cables.  Fiberglass  yarns  are 
used;  however,  to  achieve  good  knotting  properties 
they  need  to  be  mixed  with  aramid  yarns.  Fiberglass 
yarns  have  less  cut  through  resistance  and  abrasion 
resistance  than  aramid  yams. 

Siecor  recommends  the  use  of  a  Chinese  fingers  type 
pulling  grip  with  their  loose  tube  cable  designs.  In  the 
past  the  recommendation  Included  knotting  a  cable's 
high  strength  yarns  to  the  loop.  A  problem  with 
knotting  is  that  knot  strengths  depend  on  the  skill  of 
the  person  making  the  knot.  Even  when  an 
experienced  person  ties  the  knot  strength,  variability 
still  exists.  To  address  this  issue  the  authors  tested 
various  techniques  and  types  ot  knots. 


Knot  Strength 

There  were  several  approaches  Investigated  to 
increase  the  reliability  ot  the  knot  strength.  The 
normal  way  ot  knotting  the  high  strength  yams  v/as  the 
use  ot  multiple  half  hitches.  The  new  knots  tried 
Included  the  noose,  timber  hitch,  the  clinch  knot,  the 
studdingsail  halyard  bend,  the  lish  knot  and  some 
modified  knots.  Other  attempts  included  splitting  the 
yarns  before  knotting  them  and  coating  the  knotting 
loop  with  plastic  or  a  cotton  tape.  Some  o(  these 
attempts  yielded  modest  Improvements,  however 
significant  gains  In  strength  and  repeatability  were  not 
obtained. 

In  some  tests,  the  Chinese  fingers  were  not  used. 
This  isolated  the  strength  of  the  knot.  Test  results  are 
summarized  In  Figure  B.  The  average  strength  of  the 
knot  types  was  very  close  to  20%  of  the  yarns  average 
breaking  strength.  There  was  considerable  variation 
in  the  range  of  knot  strengths  obtained.  The  data  was 
gereratod  by  a  simple  ramping  up  of  the  tension  until 
the  pulling  grip  separated  from  the  cable.  The  failure 
location  of  the  knots  was  consistently  the  first  bend  in 
the  knot.  This  is  the  highest  stress  area  in  the  knot.  A 
suggested  explanation  for  the  knot  failures  is  that  the 
high  strength  yarns  are  cutting  themselves.  At  this 
bend  the  bundles  of  small  diameter  yarns  cross  over 
each  other  at  very  high  tensions.  Although  the  yarns 
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were  saturated  with  grease,  after  testing  the  yarns  at 
the  failure  location  were  grease  free.  This  indicates 
extremely  high  pressures. 

Testing  with  both  the  knots  and  the  Chinese  fingers 
was  done  on  the  same  length  of  cable.  The  difference 
between  the  tests  with  and  without  the  Chinese 
fingers  was  approximately  500  Newtons.  Because  the 
failure  mechanism  for  the  Chinese  finger's  gripping 
was  the  cable  jacket  sliding  over  the  rest  of  the  cable 
this  Indicates  that  the  jacket  contributed  500  Newtons 
to  the  pulling  strength  of  the  cable. 

DEVELOPMENT. 

A  desire  was  to  stay  with  a  Chinese  fingers  type  grip 
because  of  its  simplicity,  lack  of  special  tooling 
required  and  user  friendliness  in  the  field.  However, 
reliability  in  knotting  was  a  problem.  There  were 
many  ideas  on  how  to  improve  the  coupling  between 
the  yarns  and  the  pulling  grip.  These  did  not 
incorporate  a  knot;  however,  they  added  to  the 
complexity  of  the  grip  and  the  procedure. 

One  of  the  key  problems  was  the  hardness  of  the 
cabla  jacket  combined  with  the  thick  jacket  walls  and 
small  size  of  fiber  optic  cables.  The  compressive 
gripping  force  of  the  Chinese  fingers  is  not  transferred 
through  the  relatively  hard  Medium  Density 
Polyethylene  (MOPE)  jacket.  MOPE  is  used  for  its 
hardness  to  protect  ihe  cable  core  and  its  low 
coefficient  of  friction  to  rovide  easier  cable 
Installations.  Bonding  the  hi,  i  strength  yarns  tightly 
to  the  cable  would  be  a  solution;  however,  this  would 
make  a  very  stiff,  inflexible  cable.  It  would  also  be 
more  difficult  to  access  the  cable  core  through  these 
tightly  bonded  layers. 

DflYflloomBntal-Gfltails 

To  solve  the  problem  of  the  hard  jacket  interfering  with 
the  gripping  force,  part  of  the  jacket  was  removed,  and 
the  Chinese  fingers  were  placed  directly  over  the  high 
strength  yarns.  This  does  not  require  special  tooling 
or  modifications  to  the  pulling  grip.  The  concept  was 
proven  by  excellent  initial  test  results  on  standard 
cable  and  by  good  results  on  a  cable  with  a  soft 
jacket.  On  the  cable  with  the  soft  jacket  the  jacket  was 
not  removed,  and  the  high  strength  yarns  were  not 
knotted.  There  was  sufficient  coupling  of  the  yarns 
through  this  soft  jacket  to  obtain  good  test  results. 

Work  began  on  identifying  the  proper  length  of  yarns 
to  expose  and  other  details  to  optimize  the  new 
pulling  grip  installation  procedure.  The  concept  of 
placing  the  Chinese  fingers  pulling  grip  over  the  high 
strength  yarns  was  expanded  to  include  placing  the 
grip  over  all  of  the  cable  materials  outside  the  cable 


core  that  provide  significant  strength.  These  materials 
could  include  cable  jackets,  steel  armors  and  the  high 
strength  yarns.  The  length  of  a  material  exposed  to 
the  Chinese  fingers  was  made  proportional  to  the 
strength  that  the  material  provides;  however,  a 
minimum  exposure  length  was  maintained.  This 
length  is  the  minimum  amount  required  to  couple  to 
the  Chinese  fingers. 

To  optimize  the  new  pulling  grip  installation 
procedure,  tape  was  wrapped  around  a  portion  of  the 
exposed  high  strength  yarns.  This  tape  is  a  sticky 
rubber  coated  cotton  fabric  tape  known  as  friction 
tape.  The  original  purpose  of  the  tape  was  to  reduce 
the  cutting  of  the  yarns  by  the  steel  wires  of  the 
Chinese  fingers  grip.  The  tape  spreads  the 
compressive  force  of  the  steel  wires  where  the  yarns 
are  under  the  highest  tension.  This  area  is  furthest 
away  from  the  end  of  the  cable.  Further  testing 
showed  that  the  friction  tape  improved  the  gripping 
action  of  the  Chinese  fingers. 

Additional  enhancements  were  made  to  the 
procedure  to  increase  reliability  without  sacrificing 
user  friendliness.  To  avoid  damaging  or  disrupting  the 
high  strength  yarns  a  new  method  of  preparing  the 
cable  was  developed.  To  remove  the  jacket  over  the 
high  strength  yarns  the  jacket  is  first  radially  notched, 
then  bent  to  complete  the  break  and  pulled  off.  By  not 
cutting  the  whole  way  through  the  jacket  yarns  are  not 
accidentally  cut.  By  pulling  off  the  jacket  the  yarns  are 
not  disturbed  from  their  uniform  positioning  obtained 
during  manufacturing.  The  jacket  over  a  steel  armor  is 
removed  by  shaving  the  jacket  off  on  two  sides  with  a 
common  cable  knife,  and  then  simply  peeling  and 
cutting  off  the  remaining  two  sections  of  jacket.  This 
procedure  avoids  damaging  the  armor. 

Description  at  lta  Procedure 

A  pulling  grip  is  installed  by  first  sliding  the  Chinese 
fingers  grip  over  the  cable  and  past  the  working  area. 
The  cable  is  prepared  by  removing  the  required 
amounts  of  material  to  expose  the  strength  elemants 
(See  Figure  C).  The  length  of  materials  exposed  Is 
determined  by  a  simple  chart.  A  particular  size  of 
Chinese  fingers  pulling  grip  will  work  well  within  a 
certain  diameter  range  of  cable.  Grips  for  larger 
cables  are  generally  longer.  To  optimize  the  gripping 
strength  for  the  longer  pulling  grips,  all  of  the 
exposure  lengths  are  increased.  For  ease  of  use  this 
information  is  summarized  in  the  form  of  a  chart.  For 
an  example  see  Figure  D. 

After  exposing  the  cable  components,  the  friction  tape 
is  wrapped  in  a  single  layer  around  the  high  strength 
yarns,  it  is  applied  along  one  third  of  the  length  of  the 
yarns  (See  Figure  C).  The  pulling  grip  is  then  pulled 
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back  cvsr  the  prepared  cable  end,  and  tightly  taped 
down  with  a  Polyvinyl  Chloride  (PVC)  tape.  The  cable 
is  now  ready  to  be  installed. 

TEST  METHODS. 

Once  a  procedure  was  found  for  installing  the  pulling 
grip,  a  test  procedure  was  needed  which  simulated 
field  conditions.  The  procedure  must  test  the  grips 
under  what  is  assumed  as  the  worst  conditions,  yet 
must  be  consistent  from  test  to  test.  The  most  stringent 
condition  would  be  to  put  the  grip  under  tension 
beyond  the  specified  rating. 

Typically,  most  tensile  tests  performed  on  cables  are 
static  loading  over  a  period  of  time.  The  test 
procedures  must  simulate  In  the  lab  the  various 
conditions  a  grip  experiences  in  the  field.  The  most 
stringent  of  the  field  pulls  for  tension  would  be  a  long 
haul  pull  through  a  duct  with  bends  and/or  pulleys. 
The  optical  cable  would  be  pulled  Into  existing  ducts 
or  plastic  subducts.  A  pulling  grip  captures  the 
strength  members  ol  the  cable  and  is  used  to  pull  the 
cable  into  the  duct  via  a  preexisting  pull  rope.  During 
the  pull-in,  the  tension  on  the  cable  can  be  monitored 
and  should  not  be  allowed  to  exceed  the  specified 
tensile  rating  of  that  specific  cable.  However,  during 
the  pull,  as  more  cable  enters  the  duct,  the  force 
required  to  pull  it  increases.  This  force  can  be 
decreased  by  using  lubricant  to  reduce  friction,  or  by 
center  pulls  to  reduce  the  cable  mass  being  pulled 
over  a  specific  route.  The  cable  also  experiences 
surges  and  jerks  as  it  goes  around  bends  and  pulleys. 

One  can  soe  then  that  the  two  most  important 
variables  to  duplicate  in  the  lab  would  be  a  gradual 
increase  In  tension  over  time,  combined  with  surges 
or  sudden  increases  and  decreases  in  tension.  We 
had  an  opportunity  to  monitor  the  tension  on  duct 
Installations  in  Hudson,  North  Carolina.  The  graphs  ol 
tension  versus  time  seen  in  Figure  E  were  used  as  the 
model  for  the  laboratory  test  procedures.  From  the 
model,  a  tensile  loading  cycle  was  implemented  in 
which  a  stair  step  tension  was  introduced  (See  Figure 
F).  The  tension  started  at  zero,  increased  to  100 
pounds  in  20  seconds,  held  at  load  for  1  minute,  and 

then  proceeded  to  200, 300 .  1000  &  1050  pounds 

in  the  same  manner.  After  three  such  cycles,  the 
tension  is  reduced  to  600  pounds  and  a  wheel  Is 
pulled  across  the  grip,  simulating  surging  and 
bending  (See  Figure  G).  The  reason  behind  three 
cycles  is  to  see  if  fatigue  is  a  factor  in  grip  testing.  The 
wheel  pull  is  done  at  a  reduced  load  so  that  the 
tension  peaks  during  surging  would  not  significantly 
exceed  the  safety  factored  loading.  The  entire 
procedure  takes  just  over  an  hour.  Alternate  test 
procedures  have  been  developed  that  contain  the 
same  key  features  (See  Figure  H). 


A  long-length  tensile  test  machine  was  used  for  the 
testing.  The  scheme  Involves  a  movable  capstan, 
anchored  steel  cable,  steel  wheel,  motorized 
tensioning  device  and  a  load  cell  with  digital  tension 
readout.  The  pulling  grip  and  a  swivel  are  attached  to 
the  anchored  steel  cable  and  IS  meters  from  the  grip, 
the  optical  cable  is  anchored  by  wrapping  it  around 
the  capstan  five  limes  (Refer  back  to  Figure  G). 

TEST  RESULTS 

The  new  method  of  installing  pulling  grips  was  tested 
with  the  developed  test  procedure,  initially  the  cablo 
tested  was  the  same  cable  design  used  for  knot 
testing.  This  gives  very  good  comparative  data,  and 
the  cable  design  is  a  worst  case.  Significantly  better 
results  were  obtained  with  the  new  procedure.  In 
most  cases  the  pulling  grip  did  not  fail;  it  remained 
firmly  attached  to  the  cable  during  the  entire  cycling 
test.  These  results  are  contained  in  Figure  I.  The 
percentages  listed  are  derived  from  the  maximum 
tensile  load  minus  an  assumed  tensile  contribution  of 
the  cable  jacket  (500  Newtons).  This  allows  an  easier 
comparison  with  the  knot  strength  results  in  Figure  B. 
The  new  method  shows  over  a  50%  improvement.  In 
the  new  procedure  there  Is  a  33%  contribution  of  the 
high  strength  yarns  compared  to  the  20%  for  knotting. 
The  33%  is  conservative  because  most  of  the  cables 
using  the  new  procedure  did  not  fail.  All  of  the  knot 
results  were  failures.  In  an  additional  test  all  of  the 
aramid  yams  were  removed  and  just  the  fiberglass 
yarn  reinforced  cable  was  tested.  In  this  test  the 
contribution  of  the  fiberglass  was  over  60%. 

The  testing  was  expanded  to  include  steel  tape 
armored  cables  and  a  range  of  cable  designs  and 
cable  sizes.  In  all  there  were  10  unique  cables  tested 
with  a  total  of  60  tests  performed.  In  the  expanded 
testing  there  were  no  pulling  grip  failures.  In  all  cases 
the  pulling  grips  exceeded  167%  of  the  rated  cable 
strength.  The  grips  were  not  taken  to  failure  because 
of  tensile  load  limitations.  The  limitations  were  due  to 
problems  caused  by  greatly  exceeding  the  rated  cable 
strength.  At  the  fixed  attachment  point  for  the  cable 
there  were  cable  abnormalities  when  extremely  high 
tensile  loads  were  attempted.  At  the  fixed  attachment 
point  the  cable  goes  from  low  tensile  loading  to  high 
tensile  loading  in  a  short  distance.  Safety  was 
another  significant  concern.  The  loading  was  kept 
below  the  tensile  rating  ol  steel  cable  and  the  swivel 
used  in  the  test  apparatus. 

Field  .Conditions 

Once  it  was  determined  that  the  new  grip  procedure 
works  better  than  the  knotting  procedure,  we  needed 
to  ensure  that  it  was  better  under  extreme  field 
conditions.  The  four  variables  examined  were  1) 
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method  ot  stripping  the  cable  2)  with/without  friction 
tape  3}  with/without  a  swivel  4)  temperature  extremes. 

The  first  objective  was  to  determine  the  effect  of 
removing  the  optical  cable's  jacket  using  two  different 
techniques.  One  technique  employed  using  the 
ripcord  to  strip  the  jacket  thus  reducing  the  chance  of 
cutting  any  high  strength  yarns.  The  second 
technique  was  to  ring  cut  the  jacket  and  pull  it  off  the 
core.  If  the  two  methods  were  within  10%  of  each 
other,  then  the  two  methods  were  believed  to  be 
similar.  Six  tests  conducted  for  each  method  showed 
there  was  no  difference  between  the  results.  The 
maximum  load  was  1000  pounds  and  there  were  no 
other  modes  of  failure  (ie.  slippage,  movements 
between  the  grip  and  cable)  noted  during  the  test. 

The  second  objective  was  to  determine  the 
Importance  of  the  friction  tape.  Again  six  pulls  were 
conducted  with  tape,  and  six  pulls  were  conducted 
without  tape.  Although  the  static  pulls  (ie.  cycle  1  and 
cycle  2)  showed  that  the  two  methods  performed 
similarly,  it  was  not  until  th«  surging  in  cycle  3  that  the 
two  methods  were  differentiated.  The  method  of  using 
friction  tape  saw  less  slippage  and  no  failures  when 
pulled  around  the  wheel.  The  no  tape  method  saw 
failures  at  the  peak  surges. 

The  naxt  nhjartiwA  wac  (q  H«!«rm!no  hnw  i vesting  Of 

the  cable  during  installation  would  effect  grip  strength. 
It  was  found  that  not  using  a  swivel  to  eliminate 
twisting  did  not  skew  the  test  results  in  any  way. 
However,  it  is  still  recommended  that  a  swivsl  be  used 
during  any  cable  duct  installation. 

The  fourth  objective  was  to  quantify  the  effects  of 
temperature  on  the  performance  of  the  pulling  grip. 
Six  grips  were  installed  on  cable  sections  and  placed 
in  a  temperature  chamber  at  WC  (or  four  hours. 
They  were  removed  one  at  a  time  and  tested  to  the 
tensile  cycle.  Another  group  of  six  grips  were 
exposed  to  +40*C  for  four  hours  and  tested  in  the 
same  manner.  The  results  showed  no  difference  in 
grip  performance  at  the  two  temperature  extremes. 


As  an  additional  precaution  tests  were  conducted  to 
determine  the  sensitivity  to  the  precision  of 
installation.  A  standard  pulling  grip  one  size  larger 
than  optimum  was  installed  on  cables.  There  was  no 
difference  In  the  test  results.  Friction  tape  was  applied 
over  twice  the  length  of  the  yarns  than  recommended. 
Here  there  was  a  loss  of  100  pounds  of  tensile  load 
capability,  but  still  well  over  the  cable  rating.  To  model 
the  field  environment  the  installed  pulling  grip  was 
soaked  in  pulling  lubricant  for  16  hours  and  then 


tested.  The  presence  of  the  lubricant  did  not  effect  the 
test  results. 

Good  test  results  were  obtained  from  a  number  of 
different  manufacturers'  Chinese  fingers  pulling  grips. 
There  was  differentiation  between  the  different  styles 
of  pulling  grips  using  slippage  and  broken  yarn 
filaments  as  a  criteria.  (1)  Very  flexible  grips  worked 
better.  (2)  Grips  with  Chinese  fingers  that  compressed 
with  a  wider,  flatter  surface  worked  better.  A  non¬ 
standard  grip  that  was  the  least  flexible  would  not 
work  when  it  was  one  size  too  small  for  the  cable. 
Even  unusual  modification  worked  well.  A  grip  was 
made  by  weaving  an  aramid  yarn  pull  tape  (used  liko 
a  rope  to  pull  cables  in  a  duct)  around  the  cable  to 
form  a  psuedo-Chlnese  fingers  grip.  This  worked  as 
well  as  any  of  the  manufactured  pulling  grips  in 
laboratory  testing.  Friction  tape  was  not  used  with  this 
aramid  grip,  however  it  had  the  widest,  smoothest 
application  of  compression  on  the  high  strength  yarns. 

Field  Results 

Reid  results  take  three  forms:  Field  trial,  reports,  craft 
reaction  during  training. 

An  initial  field  trial  was  performed  at  an  actual 
customer  site  to  determine  two  things:  accuracy  of  the 
lah/fiftld  simulations  and  viability  of  jHa  method  in  reel- 
life  conditions.  Once  underway,  the  cable  was  pulled 
with  no  grip  failure  or  slippage.  The  span  length  was 
approximately  5,000  feet  through  one-inch  subduct 
with  lubrication.  Tensions  up  to  400  lb  were 
witnessed  with  surges  of  50  to  120  lb.  A  capstan 
winch  was  used  to  pull  the  cable  with  its  brake  set  to 
600  lb.  Figure  J  is  a  graph  of  tension  versus  time  for 
this  pull. 

Favorable  craft  reaction  during  the  field  trial  showed 
the  procedure  to  be  easily  learned  and  installed.  It 
was  perceived  as  quicker  than  current  methods.  It  has 
been  used  in  regular  training  classes  since  its 
introduction,  and  the  procedure  has  been  well 
received  for  its  simplicity. 


CONCLUSION 

From  the  work  done  on  the  pulling  grips,  two  major 
objectives  were  achieved.  On  was  a  new  qualification 
program  for  pulling  grips  which  included  a  new  tensile 
simulation.  The  simulation  more  accurately  models 
actual  field  loading  of  the  pulling  grip.  The  program 
looks  at  normal  variations  in  the  field  environment  as 
well  as  variations  in  the  grip  installation  practices. 
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The  second  achlevsment  was  the  new  procedure  met 
the  following  requirements: 

Improved  Reliability 

Craft-friendly 

Average  load  at  failure  of  1,000  lb  (400  lb 
safety  margin) 

Inexpensive 

By  eliminating  Knots  from  the  installation  procedure 
high  strength  yarns  with  low  Knot  strength  can  be 
considered  in  new  cable  designs.  Additionally,  testing 
proved  that  the  grip  installation  procedure  was 
relatively  craft  insensitive.  This  was  also  proven  over 
a  range  of  cable  sizes  and  designs.  These  facts  maKe 
for  a  grip  installation  procedure  which  is  quicK  to  learn 
as  well  as  reliable. 

The  Key  to  the  success  of  this  program  was  the 
integration  of  customer  requirements  directly  with 
development  and  testing.  There  was  interaction  with 
various  customers  throughout  the  program.  This 
allowed  for  the  development  of  a  new  procedure 
which  met  all  the  customers'  requirements,  and  a 
trouble-free  field  Introduction. 
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Figure  A:  Pulling  Grip  Types 

R^itscntation  of  a  Crimp  Type  Pulling  Grip 


Set  Screws  Crimps 


Cable 


Representation  of  a  Chinese  Fingers  Type  Pulling  Grip 


Loop  for  Knotting  Chinese  Fingers 

Pulling  Loop  Woven  Mesh 


Figure  B: 

Knot  Strength  Test  Results 
Data  From  Tests  on  a  Length  of  Cable 


Strength  of  the  Knot  as  a  Percentage  of  the 

Type  of  Knot 

Number 

Yams  Used 

Average  Breaking  Strength  of  the  Yams 

of  Tests 

Minimum 

Average 

Maximum 

Half  Hitches 

1 

Aramid  Only 

29.3% 

Half  Hitches 

1 

Fiberglass  Only 

21.5% 

Half  Hitches 

10 

Aramid  &  FG 

15.2% 

20.3% 

30.8  % 

Two  Half  Hitches 

11 

Aramid  &  FG 

16.8% 

21.9% 

26.3% 

Timber  Hitch 

3 

Aramid  &  FG 

20.3  % 

22.1  % 

24.5% 

Noose 

1 

Aramid  &  FG 

18.4% 

Clinch  Knot 

2 

Aramid  &  FG 

19.1  % 

19.7% 

20.3% 

Studding  Sail 

6 

Aramid  &  FG 

13.3% 

20.0% 

24.3% 

All  Knot  Types 

33 

Aramid  &  FG 

13.3% 

20.8  % 

30.8% 

Two  Half  Hitches  indicates  the  yams  were  split  into  two  groups  and  knotted  seperatcly. 
Studding  Sail  is  short  for  Studdingsail  Halyard  Bend  Knot. 

Fiberglass  has  been  abreviated  as  FG. 
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Figure  E:  Pulling  Force  Diagrams 
for  Cable  Pulls  In  Hudson,  North  Carolina 


Figure  F:  Tensile  Loading  Process  for  Typical  Pulling  Grip  Test 
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Figure  G:  Oiagram  of  Test  Equipment 


Figure  H:  Alternate  Tensile  Loading  Process  for  Pulling  Grip  Test 
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Figure  i: 

Coupling  Strength  Between  the  High  Strength 
Yarns  and  the  Pulling  Grip  Using  the 
New  Pulling  Grip  installation  Procedure 


Number 

of  Tests 

Yams  Used 

Coupling  Su 
Average  Bre 

Minimum 

ength  as  a  Pcrc 
aking  Strength 

Average 

enrage  of  the 

of  the  Yams 

Maximum 

25 

Aramid  &  FG 

28.0% 

33.0  %  * 

3 

Fiberglass  Only 

47.0  % 

53.6% 

62.1  % 

The  average  and  maximum  are  conservative.  They  include  non-failing  tests. 
Fiberglass  has  been  abreviated  as  FG. 


Figure  J:  Pulling  For,?  Diagram  for 
Initial  Field  Trial  of  th  4ew  Procedure 
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INTEGRATED  FAMILY  OF  JOINING  PRODUCTS  FOR  HIGH  DENSITY  FIBER  OPTIC  NETWORKS 


John  C.  Huber 


3M  TolComm  Pcoducta 


Abstract 

The  use  of  fiber  optic  networks 
for  reaidential  services,  also 
called  Fiber-to-tho-Home  (FTTH), 
Local  Area  Networks  (LANs),  and 
Multiplexed  Backbonoa  (MBa)  haa 
reaulted  in  a  need  for  cable 
jointing  producta  that 
accommodate  high  fiber  count 
cablea  (144+)  and  yet  are  oaay  to 
uae  by  the  ordinary  craft  poraon. 
An  integrated  family  of  jointing 
producta  for  high  donaity  fiber 
netuorka  la  dcacribod.  Each  one 
haa  boon  apocifically  doaigncd 
for  large  fiber  count  cables. 

Each  one  foaturea  both  compact 
also  and  fast  inatallation. 
Included  in  the  family  ace  ~ 
aplice  (fiber  joint),  aplice 
closure  (aheath  joint),  patch 
panel  (fiber  distribution  unit), 
connector/aplico  module,  and 
fiber  termination  unit. 


Description 

The  aplice  uaa  described  in  a 
paper,  “Mechanical  Optical  Fiber 
Splice  Containing  an  Articulated 
Conformable  Metallic  Element"  by 
Richard  A.  Patterson,  at  the  1988 
International  wire  and  Cable 
Symposium  and  will  not  be 
described  in  detail.  It3 
uniqueness  is  its  speed  of 
installation  (90%  leas  than  30 
seconds),  low  loss  (90%  less  than 
.2  dB),  low  reflection  (90% 
better  than  -35  dB),  important 
advantages  in  FTTH,  LAN  and  MB 
applications.  It  is  faster  to 
install  because  it  only  requires 
insertion  of  the  fiber  end3  and 
pushing  a  button,  contrasted  to 
other  splices  which  require 
assembling  several  pieces 
together. 

The  connector/splice  module  will 
be  described  in  a  companion  paper 
"Fiber  Optic  Terminating  Units 
with  Low-Loss  Mechanical 


Splicing"  by  Roger  H.  Keith.  Its 
uniqueness  is  its  speed  of 
installation  (90%  less  than  30 
seconds),  low  lose  (90%  less  than 
.6  dB),  low  reflection  (90%  less 
than  -40  dB),  important 
advantages  in  FTTH  applications. 
Its  modularity  and  ease  of  use 
are  important  advantages  in  LAN 
and  MB  applications.  It  is 
faster  to  install  because  it  uses 
the  splice  discussed  abovo  to 
attach  a  fiber  to  a  connector. 

The  fiber  termination  unit  is 
also  described  in  the  above 
companion  paper.  It  uniqueness 
is  its  small  si=o  (8  ST  or  FC 
connectors  in  14x5x1  inch 
(35.5x12.7x2.5  cm)  and  yet  easy 
access,  Important  advantages  in 
FTTH,  LAN  and  MB  applications. 

It  is  faster  to  install  because 
it  uses  the  connoctor/splice 
module  described  above  to  put 
fibors  into  service. 

The  splice  closure  is  unique  in 
providing  a  separate  storogo 
volume  i cl  uncut  (express)  fibers 
and  split  cable  ports,  important 
advantages  In  tapered  cable  FTTH 
installations.  It  is  al30  unique 
in  the  case  of  adding  additional 
cable  ports,  an  important 
advantage  in  expanding  the  number 
of  branch  cables  in  FTTH,  LAN  and 
MB  installations.  The  fiber 
termination  unit  described  above 
fits  inside  the  closure,  so  it 
provides  an  environmentally 
secure  connection  field,  an 
important  advantage  in  FTTH 
applications.  It  is  also  unique 
in  being  appropriate  for  buried, 
underground,  aerial  and  indoor 
applications,  an  important 
advantage  in  craft  training. 

Being  unfilled,  it  can  be 
installed  in  buried  or 
underground  applications  faster 
than  others. 

The  patch  panel  is  uniq  in 
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providing  high  density  of 
Interconnections  (624  in  a  7  ft 
(2.1  m)  rack)*  yet  easy  access  by 
sliding  the  connector  forward 
from  its  neighbors. 

The  family  of  products  is 
integrated  by  using  the  splice  in 
the  connector/splice  module,  by 
inserting  the  connector/splice 
module  in  the  fiber  termination 
unit,  providing  an  easy  to  use 
method  of  incrementally  adding 
connectors,  this  is  important  for 
Fiber-to-the-Home,  Multiplexed 
Backbone  and  Local  Area  Networks. 

For  Flber-to-thc-Homo 
applications,  integration  is 
further  accomplished  by  inserting 
the  above  modular  system  inside 
the  splice  closure,  providing  an 
easy  to  use  method  of  attaching 
subscriber  drops  to  the 
distribution  cable. 

Conclusion 

An  integrated  family  of  products 
provides  improved  easo  of  use  and 
speed  of  installation.  Craft 
training  Is  simplified  and  a 
consistent  "look  and  feel" 
throughout  installations  results 
in  fewer  errors.  Integration  is 
achiever  by  designing  each 
component  for  ease  of  use  in  its 
individual  application  and  also 
designing  each  component  for 
lntormateabillty  with  companion 
components  in  more  complex  applications. 
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SPLICE/CONNECTOR  MODULE 


SPLICE  CLOSURE  WITH 
FIBER  TERMINATION  UNITS 


International  Wire  &  Cable  Symposium  Proceedings  1989  421 


FIBER  OPTIC  TERMINATING  UNITS 
WITH  LOW-LOSS  MECHANICAL  SPLICING 


Roger  H.  Keith,  P.E. 
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Summary 

A  new,  versatile  system  of  plug-in  units 
accomodates  a  wide  variety  of  fiber  optic 
and  electrical  connectors  in  a  single 
family  of  housings.  Reliable  fiber 
mechanical  splices  are  combined  with 
connector  pigtails  in  the  plug-ins,  which 
include  a  splice  actuator  tool  and  thus 
eliminate  long  fiber  slack  formerly  needed 
for  splicing  at  a  separate  workstation. 

A  unique  tip-up  feature  gives  full  finger 
access  to  connector  plugs  along  with  high 
plug  density. 

A  number  of  different  housings  accomodate 
the  plug-ins,  and  arc  tailored  for  building 
entrances,  riser  and  distribution  closets, 
work  stations,  trunk  cable  splice  points, 
and  home/apartment  drop  terminals. 


Introduction.  The  rapid  growth  of  optical 
fiber  use  and  the  parallel  improvments  in 
fiber  technology  make  the  choice  of  fiber 
terminations  a  crucial  concern  to  allow 
emerging  connector  improvements  and 
standards  in  a  system  specified  and 
installed  today.  The  flexibility  to  handle 
electrical  along  with  optical  media  is  a 
requirement  for  fiber  systems  which  augment 
existing  copper  networks,  but  may  be  a  key 
feature  of  future  systems  as  well.  A 
complementary  design  for  network  housings 
incorporates  interchangeable  plug-in 
modules  which  can  be  added  or  exchanged  to 
give  unique  optical  fiber  splice  and 
connection  abilities.  Modules  can  also 
provide  electrical  connections  for  order 
talk  pairs,  coaxial  cabling,  or  auxiliary 
signalling  power. 


Compactness.  Fiber  optic  connectors  have 
been  packed  densely,  but  in  the  process,  it 
has  been  difficult  to  get  finger  access  to 
add  or  remove  connectors.  Staggering  or 
wide  spacing  of  rows  have  addressed  this 
problem,  but  the  resulting  connector  arrays 
either  compromise  accessibility  or 
compactness. 

Figure  1  shows  the  new  arrangement. 
Connectors  are  tightly  packed  in  a  row,  but 
are  hinged  so  each  can  be  individually 


Figure 2.  Plug-in  Functions 
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tipped  up  £oc  finger  access  at  will.  It 
csn  be  seen  that  this  arrangement  is 
particularly  appropriate  for  fiber  optic 
connectors.  A  tip-up  action  places  a 
negligible  bend  on  the  fiber  and  has  little 
tendency  to  disturb  Adjacent  lines.  A 
resulting  array  of  6  biconic  connectors  can 
be  as  little  as  4.6  Inches  (11.6  cm)  wide, 
and  on  the  order  of  1  inch  (25  mm)  high. 

Versatility.  The  plug-in  cartridges  can  be 
made  to  accomodate  practically  any  type  of 
optical  fiber  connector:  blconic,  FC,  ST, 
SKA,  and  other  miniature  connectors  are 
easily  incorporated  into  the  cartridge,  and 
electrical  connections  for  talk  pairs  (sa¬ 
il,)  RCA  type  phono,  Motorola  type 
antenna,  and  a  host  of  commercial  coax  or 
military-type  multipin  bulkhead  connectors 
can  be  accomodated.  If  a  single  housing  is 
needed  for  a  small  number  of  splices, 
alongside  a  few  connectors,  some  of  the 
plug-in  units  may  be  dedicated  to  splices. 
Examples  of  these  plug-ins  are  shown  in 
Figure  2. 


Optical  Splice  +  Connector.  A  particularly 
useful  type  of  plug-in  incorporates  a 
splice  and  a  short  connector  pigtail  plug, 
installed  in  a  mating  connector.  This 
arrangement  allows  rapid  field  attachment 
of  a  plug,  using  a  factory  made  plug 
pigtail.  This  scheme  has  special  merit  if 
the  splice  is  a  reliable  mechanical  splice 
which  can  be  crimped  onto  the  fiber  using  a 
simple  tool.  The  requirements  for 
expensive  fusion  apparatus,  or  field  fiber 
polishing  and  plug  epoxying  are  eliminated 
with  mechanical  splices,  a  splice  actuated 


Figure.  3.  Plug  -in  With  Integral 
Mechanical  Spli'ce  Cnm^Tool 


with  a  simple  crimping  tool  is  particularly 
appropriate,  with  the  provision  of  a 
crimping  tool  action  within  each  of  the 
plug-in  units,  the  need  for  fiber  slack  to 
reach  a  fusion  splicer  or  cool,  and  the 
problems  with  subsequent  fiber  storage  are 
also  eliminated.  This  arrangement  in  its 
simplest  form  is  shown  in  Figure  3. 

Plug-in  Unit  Housing.  By  building  the 
splice  actuator  in  each  plug-in  unit,  and 
thus  eliminating  the  need  for  excess  fiber 
slack  to  reach  an  external  splicing 
station,  a  housing  can  be  designed  and 
built  which  needs  only  accomodate  the  slack 
necessary  for  managing  radius  and  direction 
changes.  An  extremely  compact  arrangement 
can  result,  holding  six  connectors  and 
their  splices,  yet  meeting  all  requirements 
for  a  4"  (100mm)  fiber  diameter  for  the 
most  exacting  single  mode  fiber  bend 
optical  and  strength  requirements.  The 
resulting  design  is  barely  over  1"  (25  mrm) 
high,  about  5.6  inches  (14.2  cm)  wide,  and 
its  13.3  inch  (33.8  cm) length  easily  fits 
between  standard  2x4  stud  centers  or 
within  utility  cabinets  sired  to  fit  that 
opening.  The  housing  can  be  applied  to  the 
backplane  of  a  communications  closet,  or 
used  as  a  surface  mount  box.  Figuro  4 
shows  one  such  design. 

Figure  5  shows  how  a  transparent  divider 
fits  over  the  fiber  loop  to  retain  and 
protect  it,  and  also  holds  the  plug-in 
operating  levers  to  retain  a  plug-in  the 
the  uptilted  position  for  connector  access. 
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Figure  5. 

Transparent  Cov'er  -for 

Fiber  Slack  Holds  Plug-in  Up  for' 

Connector  Access 


In  installation,  the  fiber  splicer  would 
dress  each  fiber  in  the  housing,  cleave  it 
to  the  proper  length,  and  insert  it  into 
the  mechanical  splice  of  the  appropriate 
plug-in.  Pressing  the  actuator  lever 
crimps  the  splice,  when  all  splices  have 
been  made,  the  splicer  inserts  the 
transparent  divider  to  retain  the  looped 
fiber.  The  fibers,  the  splices,  and  the 
divider  are  not  touched  again. 


To  make  or  change  fiber  connections,  the 
actuator  lever  is  used  to  tilt  each  plug-in 
upwards  to  attach  a  fiber  plug  to  each 
connector  in  turn.  A  series  of  holes  in 
the  divider  receive  pins  in  the  levers  to 
hold  each  plug-in  in  the  "up"  position 
while  the  connection  is  being  made. 

The  plug-in  is  tipped  back  to  the  lower 
position,  in  line  with  the  other 
connectors,  until  access  may  be  needed  for 
jumper  or  other  plug  changeout. 

Copper  cable  compatibility.  The  box  can  be 
mounted  on  1.2  inch  (32  mm)  standoffs  on  a 
backplane  to  give  room  for  cabling  in  the 
same  location,  either  terminating  or 
passing  through  as  part  of  a  new  or 
existing  installation:  This  arrangement 
runs  fiber  or  copper  cables  in  a  full  width 
"subway"  beneath  the  box,  so  space  between 
studs  or  on  the  backplane  is  conserved,  yet 
the  fiber  installation  is  fully  accessible. 

In  still  another  way,  the  new  housings  are 
"compatible  with  copper,"  and  are  logically 
laid  out  in  accord  with  experience  in  the 
way  a  telephone  protected  entrance  terminal 
is  arranged,  with  the  incoming  "field* 
cabling  at  one  side,  and  the  separate 
"house"  lines  exiting  at  the  other.  The 
fiber  plug-inc  of  the  new  design  are 
analogous  to  the  protector  options  for  many 
duties  they  can  perform  in  the  common  PET. 
Figure  6  illustrates  this  design  parallel. 
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The  Intarchangcabllitv  Principle.  Just  «s 
*  ciim»  lyltem  which  ha*  interchangeable 
lenses  provide  versatility  snd  accomodate 
drastic  future  changes  in  mission,  scope 
and  skill,  this  new  system  for  fiber  optic 
connectors  and  splices  gives  future 
flexibility  which  optical  systems  designers 
need: 

The  plug-in  units  have  a  common  footprint 
interface,  so  practically  any  present  or 
future  fiber  optic  plug  standard  can  be 
accomodated  in  the  same  family  of  housings. 
—And  housings  can  be  designed  to  suit  a 
given  location  or  service  universally, 
without  special  regard  for  the  connectors 
they  contain,  since  the  same  housing  can 
hold  any  of  a  number  of  connector  options. 

The  resulting  system  is  tailored  much  like 
the  lenses  and  bodies  of  a  camera  system: 
the  connector/splice  plug-in  suits  the 
communications  line  employed,  and  depends 
upon  the  medium,  the  service  and  standards 
involved,  much  like  the  lens  of  a  camera 
suits  the  picture-taking  task.  The 
connector  housings,  on  the  other  hand,  arc 
like  camera  bodies  which  are  designed  for 
the  location  and  assignment  mission. 

Figure  7  illustrates  several  designs  for 
housings  to  meet  the  needs  of  closet 
backplanes  and  utility  boxes,  miniature 
housings  mounted  over  electrical  outlet 
boxes  at  workstations,  fiber  home 
distribution  garden  terminals,  and  crunk 
cable  splice  case  crossconnecting,  all 
using  the  same  plug-in  design  interface. 
Other  applications  and  designs  come  readily 
to  mind  and  arc  being  added. 

A  broad  view  of  the  way  in  which  these 
housings  arc  a  part  of  a  comprehensive 
euqipment  plan  for  optical  fiber  systems  is 
given  in  a  related  paper  "Integrated  Family 
of  Joining  Products  for  High  Density  Fiber 
Optic  Networks"  being  presented  by  John  C. 
Huber  at  this  Symposium. 

System  Components.  Housings  can  be 
combined  to  accomodate  larger  numbers  of 
fiber  or  copper  lines:  Lines  can  be  added 
one  at  a  time  to  an  existing  housing,  or  6 
at  a  time  in  new  housings.  Connectors  and 
media  can  be  changed  out  at  any  time  by 
substituting  the  appropriate  plug-in. 

A  related  enclosure  houses  loose  fiber  or 
buffer  tube  slack,  and  another  can  be  used 
solely  as  a  case  to  contain  cither  fusion 
or  mechanical  splices.  Those  related 
housings  have  a  footprint,  cover,  and 
similar  cable  entries  and  exits  in  common 
so  they  work  with  the  splice/cor.nector 
housing  described  earlier. 

A  novel  expandable  hook  set  accumulates 
excess  cable  or  buffered  fiber.  The  hooks 
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can  be  spaced  closely  to  give  a  cable  reel 
with  a  diameter  of  about  8  inches  (20  cm), 
or  installed  so  each  quarter  circle  of 
hooks  is  spaced  out  from  its  neighbors  to 
give  larger  radii  or  capacity,  a  pair  of 
hook  sets  allows  figurc-8  cable 
accumulation,  and  half-sets  can  be  used  to 
hang  jumpers  ar.d  spare  cable.  Figure  8 
shows  how  these  components  can  be  related 
and  combined. 
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EFFECT  OF  SHEATH  PROCESSING  PARAMETERS 
ON  CABLE  PERFORMANCE 

William  F.  Busch,  Kenneth  E.  Bow,  Daniel  Q,  Pikula 
Dow  Chemical,  USA 


ABSTRACT 


Th«  improved  mechanical  properties  ot  a  cable  sheath  using  coaled 
metal  tape  is  me  resuK  ot  the  synergist*  cited  ot  bonding  ttw  metal  tape 
to  the  Jacket.  Mechanical  properties  ot  ttw  cable  showing  improvement 
due  to  this  Hooded  sheath*  include  bend  performance  and  resistance 
to  buckling  or  crushing  during  Installation, 

This  paper  win  show  that  a  fundamental  relationship  exists  between  ilw 
Jacket  bond  strength  and  cable  bend  performance.  Tho  retatlonsliip 
between  corrugation  depth  and  the  Young's  Modulus  ol  the  cable 
sheath  wW  also  be  shown.  The  ettect  ol  corrugation  till  and  prclile  also 
play  roles  In  cable  performance.  Seam  sealing  techniques  win  also  be 
discussed. 


INTRODUCTION 


The  performance  ol  a  cable  during  Installation  and  use  is  a  fimr.tfcn  ol 
the  total  cable  design.  Including  both  the  core  materials  and  construc¬ 
tion.  and  the  sheath  materials  and  construction.'”  This  paper  win 
address  performance  ol  cables  using  polyethylene  copolymer  coaled 
steel  armoring  tapes  In  tho  cable  stream  construction.  Also  addressed, 
as  a  benchmark,  win  be  the  performance  ol  similar  cables  which  utilize 
bare  steel  armoring  tapes.  Tne  analysis  ol  measuring  lire  mechanical 
performance  ol  a  cable  using  a  bonded  sheath  design  Is  complex.  For 
purposes  ol  this  paper,  an  attempt  has  been  made  to  minimize  the  core 
material  variations  such  that  tho  data  presented  within  this  paper  wOl 
show  what  ellect  tho  sheath  has  on  the  properties  ol  the  linished  cablo. 

The  performance  ol  a  cablo  with  a  bonded  sheath  is  lire  result  ol  the 
synergistic  etlcct  ol  bonding  a  metal  tapo  lo  the  jacket.  Tiro  ladors 
which  ailed  this  synergy  Include: 

•  The  properties  ol  the  jacketing  material; 

•  The  properties  ol  tho  metal  armoring  tapo: 

•  The  properties  ol  the  adhesive  coaling  on  lire 
metal  armoring  tapo;  and 

•  The  manufacturing  process  used  lo  produce 
the  cable  sheath. 

All  ol  these  individual  (actors,  and  their  fnler-rcialionship  in  the  cable 
sheath,  result  In  a  cable  which  will  meet  the  desired  end  use  require¬ 
ments. 


THE  BONDED  SHEATH 


Slrieldiog  and  armoring  tapes  can  be  longitudinally  applied  10  the  cable 
core.  If  these  tapes  are  plastic  coated,  ilrey  can  be  adhesive:-/  bonded 
to  tire  cable  jacket  (hereby  forming  a  bonded  sheath  Tire  numerous 
advantages  ol  utilizing  me  bonded  sheath  itt  cable  construction  com¬ 
pared  to  the  same  metal  tape  it  bate  are  wett  known.’5*  these 
advantages  include  improved  mechanical  properties,  ability  to  provide 
a  radial  moisture  barrier  It  the  overlap  seam  is  seated,  and  corrosion 
protection  lor  me  metal  tape.  These  advantages  ot  the  bonded  sheath 
are  contingent  upon  proper  processing  technique  during  the  cable 
manufacturing  process  Improper  processing  ol  the  cable  sheath 
materials  may  result  in  decreased  or  even  unacceptable  meclwmcat 
performance.  One  example,  discussed  at  the  37th  international  Wire 
and  Cable  Symposium,  is  that  improper  forming  ot  tire  coated  steel  ar¬ 
moring  tape  can  result  in  a  phenomenon  known  as  'zippcringV”  This 
paper  will  discuss  the  processing  parameters  associated  with  the 
manufacture  ot  a  bonded  stieathusing  coated  steel  armoring  tape.  It  w2t 
be  shown  that  by  control  ot  these  parameters  a  sheath  can  be  manufac¬ 
tured  wttfch  does  not  possess  any  inherent  weakness,  such  as  'zipper- 
log.’  Instead,  a  superior  cable  sheath  wilt  result  which  wilt  meet  or 
exceed  alt  ol  (tie  Industry  cabte  performance  requirements. 


SAMPLE  PREPARATION 


Ail  ol  tho  cablo  samples  tor  tins  investigation  were  produced  on  an 
experimental  cabte  line  using  commercially  avaitabio  equipment.  Tiro 
coated  steel  tapes  were  formed  using  a  commercially  available  cone 
former  and  sizing  dies.  Typical  tino  speeds  were  32  Ipm  (10  m'rmn). 
Standard  conditions  were  used  to  extrudo  a  commercially  available 
linear  low  density  polyethylene  jackcling  resin.  AH  tho  plastic  coaled 
stool  tapes  used  lor  the  armoring  ol  tho  cable  specimens  utilized 
elhyleno  acrylic  acid  copolymer  coalings,  Tito  coatings  were  0.002  Inch 
(0.05  mm)  thick.  Tho  steel  was  O.OOG  Inch  (0.15  mm)  thick,  and  electro- 
tytically  chrome  coated  (ECCS).  This  product  meets  tho  requirements 
ol  various  Industry  specifications  Including  Bellcore  TA-TSY-000421 
and  REA  Specilieaiions  PE-39  and  PE-90. 

For  laboratory  studies,  tho  method  ot  producing  tho  specimens  (or 
evaluation  Involve  preparing  a  plaque  ol  tho  jacketing  resin  using  platen 
presses,  and  then  bonding  tho  coated  metal  to  tho  jacketing  resin 
plaque.  For  polyethylene  jacketing  resins,  the  temperature  ol  tho  platen 
press  Is  set  to  320*F  (182'C).  Sixty  grams  ot  resin  are  poured  into  a 
nwld  which  will  produce  a  plaque  0.075  inch  (1.9  mm)  thick.  A  non- 
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adhesive  pJattij  Is  used  to  prevent  the  jacketing  retto  from  adhering  to 
the  metal  molding  home.  The  composite  structure  is  then  pieced  into 
the  platen  press  and  activated  to  a  pressure  ci  25  ton  (222.4  kN)  lerce 
tor  2^  minutes .  The  assembly  is  then  removed  hem  the  hot  stoeol  the 
platen  press  and  placed  in  the  cold  sto'e  tx  f.O *F  (I6‘C).  where  the 
assembly  ■*  again  activated  to  a  pressure  cl  £5  ton  (222  *  kN]  torce  lor 
2.5  minutes,  alter  which  the  assembly  Is  removed  and  tSsmantted.  w*h 
the  plaque  ©t  jacketing  resin  available  lor  testae. 

The  formation  o(  the  composite  coated  motaVpetyethyiene  jacketing 
resto  structure  to****  a  sima*  procedure.  Thaplatenpresiisagainsei 
at  320'F  (terej.  The  plastic  coated  steel  tepe  and  the  jacketing  resto 
plaque  are  placed  between  sheets  d  non- abusive  plastic  and  the 
moWng  frame  used  earlier  to  produce  the  plaque  The  press  is 
activated  to  a  pressure  d  5  ton  (44 s  kN)  force  tor  2.5  minutes,  after 
which  the  assembly  is  placed  on  the  coH  side  d  the  platen  press  at  CO1  F 
(16*0),  at  5  ton  (445  kN)  d  torce,  lor  another  25  minutes,  after  which 
the  assembly  k  removed  Irom  the  press  and  disasserhbled.  The 
coodfone  tor  the  plaque  preparation  have  been  closely  studied,  and  me 
above  conditions  simulate  to  a  certain  degree  both  the  temperatures 
and  time  involved  in  the  actual  cable  fine  during  the  packet  extrusion 
process. 


RESULTS  AND  DISCUSSION 


Five  (Merer*  material  and  processing  parameters  tor  the  cable  sheath 
wiM  be  addressed  in  this  paper.  They  are; 

1.  Jacket  Bond  Strength 

2.  Jacket  Resin  Thickness 

3.  Corrugation  Depth 

4.  Corrugation  FBI 

5.  Overlap  Forming 

A  discussion  ol  each  parameter  will  be  presented. 


1.  JACKET  BONO  STRENGTH: 

One  ol  the  tint  studies  undertaken  with  the  Introduction  of  the  bonded 
sheath  was  to  dclcrm'ne  what  effect  the  adhesion  ot  the  coated  steel  to 
the  jacketing  resin  had  on  the  mechanical  performance  ol  the  cable. 
Procedures  based  on  ASTM  45G5  wero  used  to  measure  the  jacket 
bond  strength.  Figure  1  shows  the  cttcct  ot  tire  jacket  bond  strength  ol 
the  coated  metal  and  jacketing  resin  on  the  resulting  cable  bend 
performance-  Oy  modifying  the  polyethylene  copolymer  and  cable  Rno 
processing  conditions,  we  wero  able  to  generate  u  (amity  ol  cable 
samples  with  varying  degrees  ol  bond  strength.  As  shown  by  the  data, 
a  fundamental  relationship  exists  between  the  jacket  bond  strength 
between  the  coated  steel  tape  and  jacketing  resin  and  the  cable  bend 
performance,  the  higher  the  jacket  bond  strength  the  greater  the  cable 
bend  performance.  This  fundamental  relationship  holds  true  tor  aH 
types  ol  substrate  metals,  including  steel,  aluminum,  copper,  and 
stainless  steel. 


2.  JACKET  RESIN  THICKNESS: 

Fora  given  sot  ot  processing  parameters,  it  has  also  been  shown  that 
a  fundamental  relationship  exists  between  jacket  resin  thickness  and 
cable  bend  performance.  As  the  thickness  ot  the  jacketing  resin 
Increases,  the  measured  jacket  bond  strength  increases,  as  does  the 
cable  bend  performance.  There  are  two  possible  causes  (or  this 
increase  in  jacket  bond  strength.  The  first  Is  that  the  thicker  jacket 
imparts  a  greater  amount  ol  thermal  energy  to  the  coated  metal  tape 


Airing  the  manufacture  ol  the  cable  sheath.  This  increased  thermal 
energy  imparted  » the  system  resuls  in  a  stronger  bond  between  the 
coated  metal  and  the  jacketing  resin.  A  second  explanation  is  related 
to  the  parameters  ol  the  standard  jacket  bond  strength  test  MthetaSot 
the  composite  structure  Is  *  sowed  to  float  ckirty  ute  asteston  lest,  then 
the  angle  ol  separation  is  altered  continuously  between  the  jacket  and 
the  coated  steel  tape,  resoling  in  (Merer*  adhesive  bond  strength 
numbers  depending  on  the  angle  ol  separation.  A  thicker  jacket  can 
alter  the  angle  ol  separation  (Merer*)/  than  a  thinner  Jacket, 

The  relationship  between  the  angte  ol  separation  and  the  measured 
adhesive  strength  between  two  (Merer*  materials  has  been  explored. 
Astheangieof  separation  changeslromOOdegreesto  tWdegrees.tbe 
measured  adhesive  strength  between  the  two  materials  w»  increase,™ 
Using  a  backing  piate  to  t<x  the  angle  ot  separation  at  t80  degrees 
eMinates  the  possfetty  ot  me  test  geometry  Meaty  the  measured 
adhesive  strength  between  me  two  materials. 

Determination  oftheeflect  ot  thicker  jackets  on  the  jacket  bond  strength 
involved  running  the  jacket  bond  strength  test  using  a  platen  press  to 
produce  lacketty  resin  plaques  and  composite  samples.  In  this  case, 
the  same  amour*  ot  total  energy  Is  put  Into  the  system  with  the 
deferences  being  jacketing  resin  thickness.  Running  this  test  with  a 
backing  piate  to  ti*  the  angle  ot  separation  at  100  degrees  shows  no 
deference  in  measured  adhesive  strength.  When  the  the  lal  was 
mowed  to  float,  the  thicker  the  jacketing  resin  plaque  the  higher  the 
measured  adhesive  strength.  The  use  ot  a  backing  plate  with  samples 
produced  on  the  cable  line  under  the  same  processing  conditions, 
except  lor  the  jacketing  resin  extruder  output.  Indicates  that  the  thicker 
the  jacket  the  higher  the  jacket  bond  strength.  Thus  the  measured 
Increase  In  adhesion  Is  due  to  the  increased  thermal  energy  imparted 
to  the  system,  and  Is  not  a  function  oi  the  jacket  thickness. 


The  current  jacket  resin  thickness  requirements  are  significantly  (Mer¬ 
er*  between  those  specHled  by  the  Rural  Electrification  Administration 
(REA)  and  Bel  Communications  Research  (Bellcore)  lor  copper  pair 
cable.  Column  l  In  Table  i  is  a  Hetty  ot  daterent  cable  over  the  core 
diameters.  Column  2  In  Table  1 1s  developed  Irom  REA  PE-22  and 
shows  the  minimum  average  thickness  permkted  lor  AV  Core  Aerial  and 
Underground  Telephone  Cable  usty  thu  End  Sampling  Measurement 
Technique  lor  the  given  over  the  core  diameter.  Cokimn  3  In  Teble  1 
Is  developed  from  REA  PE-39  and  shows  the  minimum  average 
thickness  permitted  lor  Filled  Telephone  Cable  usty  the  End  Sampling 
Measurement  Technique  tor  the  given  over  tho  core  diameter.  Cokimn 
4)nTable  1 1s  developed  ustyBe*coreTR-TSY-00042t.tssuo2.  Juno 
1900,  and  shows  tho  minimum  average  thickness  requirements  tor  the 
same  over  tlie  core  diameter  tor  Metallic  Telecommunication  Cables 
usty  tlte  End  Sampling  Measurement  Technique-  As  one  can  see,  the 
minimum  Jacket  resin  thickness  requirement  Is  much  greater  lor  cable 
produced  against  tho  PE-22  and  PE-39  specifications  thantheTR-TSY- 
000421  at  the  larger  over  tho  core  diameters. 

Also  worthy  ot  me.itton  horo  is  tlut  the  choice  ot  jacketing  resin  Is  alsc 
a  (actor  in  determination  ol  the  functionality  ol  tho  cablo  sheath.  As 
developed  by  Maguire  and  Rossi,  *  appears  that  tiexutar  modulus 
should  be  used  to  determine  tho  choice  ol  jacketing  resin,  wiifj  a  upper 
limit  ot  about  80,000  psi  (55.2  MPa).**' 


344.  CORRUGATION  DEPTH  AND  FILL: 

Theoretical  (Laboratory)  Relationships 
ol  Corrugation  Parameters 

To  achieve  cable  flexible!/,  corrugated  coated  stool  tapes  are  most 
frequently  used.  Tho  corrugated  coated  steel  tapo  acts  as  a  bellows, 
imparity  much  greater  flexibility  to  tho  cable  than  H  tho  coated  steel 
tape  is  used  smooth.  Important  parameters  in  the  functionality  ol  a  cable 
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shwte  *t  te*  number.  depth,  profile.  trnd  wont*  p!  ««  d  tee  corruga¬ 
tions  In  teeeoeied  steel  armoring lap*  Tt*  industry  attars  to  lo*?w 
tee  practice  e( Increasing  corrugation  depth  with  increasing  cable 
dUm««.  For  sma**<  cabto  diameters,  lbs  number  o<  corrugations  per 
loch  are  increased,  but  with  shttitewer  corrugation  depth.  Out  the 
question  w«ch  remain*  4  which  corrugation  parameter*  impart  the 
great#*  ffextoitey  to  tee  cabte  using  coated  steet  tape? 

When  the  uee  o(  coated  fleet  armoring  tape*  wa*  introduced  to  the 
mdutiry,  one  (tud^  which  was  initiated  was  to  evaluate  the  ettect  ot  the 
coated  steel  armoring  tape  on  the  tens*#  strength  ot  the  cable  sheath. 
Figure  2  shows  the  relationship  between  the  depth  of  corrugation  et  the 
coated  Meet  armoring  tape  and  the  Yeung's  Modub*  ot  tire  composite 
coated  sieetyacketing  resin  structure.  This  structure  was  made  by 
corrugating  coated  steel  tapes  to  various  depths,  and  then  terming  a 
coated  sitekjacketing  resin  composite  plague  as  described  earlier  to 
evaluate  tee  Jacket  bond  strength  ot  the  coated  sleet.  For  this  study  to 
corrugation*  per  inch  (25.4  mm)  were  used.  The  cross-sod  tonal  area 
used  in  tee  cafcutaton  ot  the  Young's  Modulus  b  based  only  on  the 
coated  steel  tape,  not  the  composite  structure.  Instead  of  measuring 
the  jacket  bond  strength  ot  tee  composite  plague,  a  one  tech  wide  strip 
ot  material  was  cut  out  ot  the  plague.  puSed  in  a  tensile  test,  and  the 
Young's  Modulus  was  measured. 


With  no  corrugations,  the  Young's  Modulus  ot  the  cable  sheath  is  equal 
to  teat  ot  the  substrate  decl  used  in  the  coated  steel  armoring  tape, 
about  30  MM  pel  (20,000  kNtm*).  The  strength  ot  tire  cable  sheath  is 
equal  to  that  ot  the  steel  substrate  component.  As  me  depth  ot 
corrugation  increases,  the  Young's  Modulusol  the  cable  sheath  (based 
on  the  thickness  ot  lire  substrate  steel)  becomes  less,  at  a  corrugation 
depth  ot  about  0.022  lo  0.024  inch  (0.50  to  0.6!  mm)  the  Young's 
Modutes  equals  teat  ot  iho  cable  slteath  Jacketing  resin,  about  200,000 
psl  (133.3  Wi'cm*). 

TWs  same  type  ot  information  is  shown  in  Figure  3.  where  the  relation¬ 
ship  between  smooth  and  corrugated  coated  steel  tape  versus  stteath 
tens**  strength  at  very  tow  ctongsttons  is  presented.  The  same 
laboratory  procedure  to  produce  the  above  samples  was  loBowed  to 
produce  these  samples  as  weS,  The  corrugation  depth  ol  the  steel  was 
set  at  a  standard  depth  ot  about  0.032"  (0.81  mm),  with  lOcorrugattons 
per  Inch  (25.4  mm). 

A  tensile  lotce  on  the  specimen  tends  to  pu3  the  corrugations  out, 
resulting  in  very  tew  load  values  lo  achieve  a  given  stieath  elongation. 
For  example,  at  0.1%  elongation,  the  total  load  on  the  plaque  with 
smooth  coated  steel  Is  about  40  to  (18.1  kg),  wliito  at  tho  came 
elongation  for  the  plaque  with  corrugated  coated  steel  the  load  is  only 
about  5  to  (2.3  kg). 

This  work  gives  significant  insight  Into  the  (unettonatity  ol  the  cable 
sheath.  There  exists  a  fundamental  relationship  between  the  corruga¬ 
tion  depth  and  the  cable  mechanical  performance;  a  critical  depth  is 
required  before  the  bellows  effect  is  present  and  the  cable  has  sufficient 
flextoility.  Next  we  will  show  that  this  flexibility  can  be  related  directly  to 
the  cable  bend  performance.  As  the  depth  of  corrugation  increases,  the 
cable  bend  performance  increases. 


Cable  Performance  Relationships  To 
Corrugation  Parameters 

Extensive  testing  ol  finished '  tb!o  by  a  number  of  dilfcrenl  manufactur¬ 
ers  Indicates  that  Ihere  Is  a  ’critical  depth'  o!  corrugation,  below  which 
the  cable  bend  penormanco  is  marginal.  Measurements  Indicate  that 
this  depth  is  around  0.020  inch  (0.51  mm)  to  0.024  Inch  (0.61  mm),  the 
same  depth  where  the  Young's  Modulus  ol  the  corrugated  coated  steel 
tape  equals  that  ol  the  jacketing  resin  compound.  Figure  4  shows  the 
cable  bend  performance  cs  a  function  ol  the  actual  coated  steel  tape 


corrugation  depth. 

The  cable  bend  performance  around  any  given  mandrel.  In  general, 
tmpruves  as  a  function  of  corrugation  depth  once  the  parameters  are 
understood.  As  the  data  Indicates,  the  bend  performance  is  not  a  linear 
function  with  corrugation  depth.  I.e.,  it  varies  depending  upon  the  depth 
ot  corrugation.  Detow  about  0.022  Inch  (0,063  mm),  the  cable  bend 
performance  is  marginal.  We  found  it  tftttouit  to  produce  eabto  speci¬ 
men*  with  such  sha»ow  depth  of  corrugation,  as  the  terming  ol  ihe 
coaled  steel  tape  was  dtftouB  with  a  cone  former  due  to  sptfngback.  As 
the  depth  ot  corrugation  increased  beyond  this  minimum,  ttie  relation¬ 
ship  appeared  to  enter  a  second  •wne'e!  Fncar  ton&torwsty,  where  the 
cable  performance  improved  with  corrugation  depth. 

In  order  to  a  ssess  the  re  tattonship  between  corrugation  depth  and  bend 
pert  wmance  it  is  necessary  to  use  the  corrugation  depth  ot  the  finished 
cable  as  the  measured  parameter.  If  one  chooses  the  set  corrugation 
depth  at  tee  corrugation  parameter,  there  are  possibilities  that  the 
actual  corrugation  depth  may  be  reduced  during  terming,  The  siting 
diet  may  squeeze  the  corrugations  out,  resulting  in  a  decrease  in  the 
corrugation  depth.  Further  efforts  in  this  area  have  shown  that  if  litis 
squeezing  of  the  corrugations  is  excessive,  actual  weakening  ol  the 
coated  sleet  tape  and  a  resulting  drop  in  cable  bend  performance  can 
occur. 

In  add4ton  lo  the  depth  ot  corrugation,  live  protile  ol  ttie  corrugation  is 
critical  to  ttie  (unettonatity  ot  ttie  cable  stieath.  A  study  undertaken  by 
Dow  and  a  cable  manufacturer  to  determine  why  some  cable  failures 
were  experienced  resulted  in  the  conclusion  ttiai  alt  of  ttie  cable  failures 
which  were  occurring  were  produced  on  one  specific  cable  line.  Exami- 
nation  ol  this  line  snowed  iliai  one  significant  difference  bt  voen  H  and 
the  others  was  that  the  corrugating  tons  were  produced  by  different 
manufacturers,  and  resulted  in  signilteantfy  different  profiles  on  ttie 
coated  steel  tape.  The  corrugating  tolls  wtitoh  produced  good  cable 
resulted  In  a  smooth,  sinusoidal  profile,  white  the  corrugating  rolls  which 
produced  the  poorer  cable  had  sharp  peaks  and  vaBeys,  a  triangular 
profile. 

The  amount  ol  Jacketing  resin  which  penetrates  into  the  corrugation 
valleys,  or  corrugation  tin,  is  also  critical  fo  ttie  functtonatliy  ol  tho  cable 
stieath.  Figure  5  shows  iho  relationship  between  corrugation  till  and 
cable  bend  performance.  As  the  amount  ol  comigatton  fin  Increases, 
the  cable  bend  performance  Increases.  Three  methods  are  currently 
used  in  the  extrusion  ol  ttie  cable  Jacketing  resin  over  tho  corrugated 
coated  steel  tape:  tube,  vacuum,  and  pressure.  Pressure  extrusion  is 
recommended,  as  it  provides  good  tiffing  of  ttie  corrugations  with  the 
resin.  Vacuum  extrusion  Is  an  improvement  over  lube  extrusion,  but  ttie 
amount  ot  corrugation  lilt  is  dependent  upon  the  clttoicncy  ol  vacuum 
pulled.  Tube  extrusion  Is  not  recommended  duo  to  (lie  inability  to 
squeeze  ttie  resin  down  Into  the  corrugations,  Tho  lack  ot  corrugation 
ICI  will  reduce  the  measured  jacket  bond  strength  a:  d  tho  cable  bend 
performance. 


5.  OVERLAP  FORMING: 

Another  critical  factor  in  tho  performance  ol  the  cable  stieath  Is  the 
coated  steel  tape  overlap  area.  A  wcB  termed  overlap  with  tho  coated 
stoct  tape  bonded  to  itseit  as  well  as  bonded  to  the  jacketing  resin  will 
result  in  a  cablo  sheath  construction  which  will  behave  as  a  ‘seamless’ 
thin  walled  tubo.  This  area  in  cable  manufacture  is  probably  tho  most 
dillicult  as  tar  as  the  development  ol  a  functional  bonded  cable  sheath 
is  concerned.  Much  effort  has  been  spent  on  understanding  the 
problems  associated  with  tho  coated  steel  tape  overlap. 

Parameters  which  affect  tho  ability  to  achieve  a  sealed  scam  and 
bonded  sheath  at  the  coated  stcct  tape  overlap  Include. 

•  steel  fapo  forming, 


International  Wire  &  Cable  Symposium  Proceedings  1989  429 


•  extrusion  conditions,  and 

•  processing  akJs. 


DWicuky  in  lormiog  ol  the  coaled  sleet  tape  is  due  to  Hie  mechanical 
properties  ol  the  substrate  steel  as  specified  In  various  specifications. 
These  mechanical  properties  are  required  so  the  steel  can  perform 
many  ol  Us  functions,  such  as  to  provide  rodent  protection,  impart 
mechanical  strength  to  the  cable  sheath,  and  to  otherwise  protect  ttie 
cable  core.  Important  parameters  in  the  forming  ot  the  coated  steel  tape 
Include  the  ability  to  form  the  steel  tape  tongkudinaty  without  excessive 
springbadt,  which  can  cause  the  overlap  to  open,  and  registration  ol  the 
corrugations  at  the  overtop  to  provide  a  snug  Ik. 

Preforming  or  extra  forming  of  the  coated  steel  tape  edges  has  been 
utXxtd  to  reduce  the  tendency  ol  the  top  edge  ot  the  tape  to  cut  into  the 
cable  Jacket.*’1  When  forming  the  lop  edge  ol  the  coated  steel  tape 
downward  at  the  overlap  to  reduce  the  tendency  ot  the  edge  to  cut  into 
the  Jacketing  resin,  one  wM  prevent  the  snug  Ik  ot  the  top  and  bottom 
edges  of  the  overlap.  This  in  turn  wilt  reduco  the  ability  to  active  a 
sealed  seam. 

Another  area  ot  concern  tor  the  overlap  area  occurs  when  running 
hooded  cable  core  designs.  Duo  to  the  need  lor  complete  water 
blocking  of  the  core,  the  tloodanf  is  typically  pumped  Into  tlw  core  In 
copious  amounts.  Contamination  ot  the  overlap  area  can  occur  X  the 
tloodant  is  squeezed  out  ol  the  cable  core  during  the  coated  steel  tap) 
lormlng  process.  This  wilt  prevent  the  ability  to  achieve  s  sealed  seam. 
H  tloodant  seeps  out  ot  the  overlap  onto  the  surface  of  the  coated  steel 
tape,  It  can  also  prevent  a  Jacket  bond  in  the  overlap  area.  Use  ot  water 
swetable  tapes ’«  the  core  to  prevent  longitudinal  water  how  would 
eliminate  the  presence  ot  hoodants  which  can  Intorfcro  with  live  adhe¬ 
sion  ol  the  coated  steel  tape  to  Hsett  or  tho  jacketing  rosin. 

The  extrusion  ol  the  Jacketing  resin  onto  the  coated  steel  tape  Is  also 
critical,  lor  tho  more  Intimate  the  contact  botweenthe  Jacketing  resin  and 
the  plastic  coating  on  the  coated  steel  tape,  the  stronger  the  resulting 
bond  wiH  be  between  tho  two  materials.  Pressure  extrusion,  discussed 
earlier  In  conjunction  wkh  lilting  the  corrugations,  Is  recommendod  to 
achieve  the  strongest  possible  bond  between  the  coaling  at  tho  overlap 
area  and  the  Jacketing  resin.  This  Intimato  contact  will  provide  tho  best 
heat  transfer  Into  the  ooated  steel  tape  tram  tho  Jacket  melt  and  provide 
the  best  sealed  seam  between  the  top  and  bottom  coatings  on  ttie  steel 
tape  at  the  overlap. 

It  Is  possible  to  achieve  exceptional  cable  sheath  performance  wiih  tho 
use  ol  processing  aids  to  Insure  a  good  seated  scam  and  Jacket  bond 
at  the  coated  steel  tapo  overlap.  One  mctliod  is  to  increase  tho  amount 
ol  heat  energy  available  to  allow  tho  coatings  on  ttie  coaled  steel  tapo 
to  melt  and  fuse  together  at  the  overlap.  Methods  ol  Imparling  additional 
heat  include  using  Inlrared  preheat  ovens  or  Induction  preheating. 
Induction  preheating  lias  been  successful,  and  units  tor  cable  lines  are 
commercially  available. 

A  second  method  ot  achieving  a  seated  seam  is  to  Inject  adhesive  hot 
melts  kilo  the  coated  steel  tape  overlap.  Data  was  generated  showing 
the  use  ot  a  hot  melt  in  tho  overlap  ol  a  moisture  barrier  power  cablo, 
where  the  longitudinally  formed  tape  Is  one  side  coated  5  mil  copper. 
Table  2  shows  tho  etfact  ot  mechanical  stress  on  tho  overlap  seated  with 
an  ethylene  vinyl  acetate  (EVA)  hot  molt.  Tho  cablo  was  putted  through 
a  duct  bank  at  ttio  two  iovets  ot  side  wall  bearing  pressure  shown.  The 
adhesion  ot  tho  hot  melt  forming  tho  scat  was  unchanged  alter  tho  tost 
indicating  that  tho  Integrity  ot  tho  sealed  overlap  was  maintained. 

Tho  use  of  hot  molts  in  tho  overlap  provides  a  good  sealed  seam  and 
exceptional  cablo  performance.  Several  cablo  grade  hot  molts  aro 
available,  some  specifically  designed  tor  high  temperature  environ¬ 
ments  as  would  be  present  in  power  cablo  applications.  White  tho  uso 
ot  these  hot  meits  should  improve  tho  seam  strong  h  between  tho 


coated  rrwtatsurfaceslnthe  overtap, they  should  not  attcct  tho  adhesion 
between  the  coated  metal  tape  and  the  Jacketing  resin. 

One  method  ol  achieving  a  functional  bonded  cable  sheath  by  using  an 
aid  to  seal  the  overtap  has  been  reported."1  In  this  case  an  adheslvo 
tape  is  applied  over  the  coated  steel  tape  overlap  seam.  Use  ol  this 
bridging  tape  has  virtually  eliminated  jacket  notching  and  slippage  ol 
tape  from  the  overlap  area  even  wkh  poorly  tormed  armoring  tape. 
During  a  study  of  the  failure  mechanism  ot  copper  pair  cable  wkh  a 
bended  sheath,  the  ratio  ot  the  cable  unbonded  zone  width  (at  ttie  ton- 
gkodinatty  tormed  corrugated  steel  tape  overlap)  to  the  facketing 
thickness,  M,,  was  found  to  be  an  important  criterion  tor  determining  the 
takuro  mode  ot  cable.1*'  With  ttie  proper  forming  and  seam  sealing  ol 
ttie  coated  steel  tape  overlap,  no  unbonded  area  win  be  present  and  the 
ratio  bn,  will  be  zero,  resulting  in  the  cabte  sheath  always  acting  like  a 
thin  waned  tube  wkh  no  zipporing  ot  the  cabte  Jacket. 

Figure  6  shews  the  bend  performance  data  for  cable  produced  by 
controlling  the  cable  parameters  as  described  m  this  paper.  This  figure 
showstherelationshipotcorrugationdcpthtobend  performance  versus 
mandrel  to  cable  diameter  ratio.  The  Industry  requirement  ot  25  bends 
around  a  20  times  mandrel  Is  easily  oxcoedcd  at  a  depth  ot  0.024  inch 
(0.6  mm).  Increasing  the  depth  ot  corrugation  to  0.035  Inch  (0.9  mm) 
results  in  a  cable  having  superior  bend  performance.  Ttie  overlap  was 
poskivey  sealed  using  induction  preheat.  As  a  result,  both  of  these 
cabte  $  have  withstood  1 0  tuR  revolutions  on  the  twist  lest  equipme  nt  with 
no  damage  or  opening  of  the  coated  steel  tape  overlap. 


CONCLUSIONS 


1 .  A  critical  corrugation  depth  is  present  lor  cables  using  lengkudinaty 
tormed  corrugated  coaled  steel  tape  below  which  the  cable  sheath 
wHinot  function  weH.  Fortaposhaving  10  corrugations  per  Inch,  this 
depth  is  0.C20  to  0.024  Inch  (0.51  to  0.61  mm). 

2.  Critical  processing  parameters  include  corrugation  depth,  corruga¬ 
tion  protile,  corrugation  Ii9.  and  overlap  forming  and  scaling, 

3.  Rosin  choice  and  Jacket  thickness  also  play  an  important  role  in  the 
luncfionatity  ol  the  cabte  shoath. 

4.  Industry  requirements  lor  llexibitky  and  sheath  performance  can  be 
easily  exceeded  wkh  proper  attention  to  these  various  parameters. 
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In.  (mm) 
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0.090  (225) 

0072(1.64) 

f  1  Aerial  Cablo  Wiih  Air  Core  ^ 

2.  Filed  Telop hono  Cable 

3.  Morale  Communication  Cablos 
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Overlap  Seam  Seal  Adhesion 
Side  Wall  Bearing  Pressure  Test 


Cable  Send  Performance  versus  Jacket  Bond  Strength 
Coated  Steel  with  LLDPE  Jacket  Resin,  12x  Mandrel 


Sheath  Young's  Modulus  versus  Corrugation  Depth 


BEFORE  TEST  AFTER  TEST 


DESCRIPTION 

\.mt 

N/MM 

LOAN 

N/MM 

1,600  IMt 
(23.4  kN/m) 

56.3 

9.86 

59.8 

10.47 

2,000  IMt 
(29.2  kNAn) 

56.3 

9.86 

51.0 

8.98 
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Twill  IlMiWj— I 


Cable  Bend  Performance  Versus  Corrugation  Fill 
Coated  Steel  with  HOPE  Jacketing  Resin, 

12x  Mandrel,  35  mil  Corrugation  Depth 


Cetujttiw  nil  IS) 


Cable  Bend  Performance  versus 
Actual  Corrugation  Depth 
Coated  Steel  with  LLDPE  Jacketing  Resin, 
7X  Mandrel 


Actual  Corrugation  Depth  (mUs) 


Cable  Bend  Performance  versus  Mandrel  to  Cable 
Diameter  Ratios  for  Different  Tape  Corrugation  Depths 
Coated  Steel  with  LLDPE  Jacketing  Resin 


i  ■  i  ■  *  ’  —  i 

o  to  n  x 
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SPUE  RECENT  DEVELOPMENTS  IK  HIGH  TEMPERATURE  COMPOSITE  MATERIALS 
TOR  TAPE  WRAPPED  WIRE  AW  CABIX  CONSTRUCTIONS 


E.C.Lupton  Jr.,  H.N.  LaTorra,  J.A.  Effenberger,  K.G.  Koerber  and  J.V.  Petriello 


Chemical  fabrics  Corporation  (CHEHFAB) 

701  Daniel  Webster  Highway,  Merrimack,  XH  03054 


I.  ABSTRACT 

Technology  has  recently  been  refined  to 
manufacture  high  performance  thin  films  with 
multiple  thin  layers,  films  with  up  to  eight 
layers  have  been  manufactured  using  polylmide, 
various  fluorepolymers  and  heterogeneous 
components  such  as  pigments.  Adhesion  between 
layers  of  the  film  is  excellent.  Kith  proper 
selection  of  film  construction,  fusing  a  tape 
to  itself  or  to  another  tape  is  easily  achieved 
at  reasonable  temperatures. 

Methods  are  described  to  use  these  tapes  to 
address  surface  smoothness,  arc  track 
resistance,  laser  markabllity,  color  and 
conductivity. 


II.  introduction 

The  design  and  selection  of  materials  for  high 
temperature  wire  and  cable  insulation  is  a 
difficult  task.  One  must  balance  and  optimize 
requirements  for  space,  weight,  electrical 
properties,  cut  through  and  abrasion 
resistance,  chemical  resistance,  high  and  low 
temperature  resistance  and  freedom  from  unusual 
occurrences,  such  as  arc  tracking. 

Over  the  years,  several  polymeric  systems  have 
been  evaluated  for  this  application.  Over 
time,  polyimidc3  and  fluoropolymers  have  proven 
to  offer  the  most  promising  balance  of 
properties.  A  comparison  of  the  properties  of 
these  materials  is  illustrated  in  Table  I. 


IT.  WHY  COMPOSITE  MATERIALS 

As  can  be  seen  from  Table  I,  neither 
fluoropolymers  or  polyimides  taken  alone 
exhibit  all  of  the  properties  desirable  for 
service  as  a  high  temperature  wire  and  cable 
Insulation.  Also,  it  has  not  been  possible  to 
synthesize  a  single  polymeric  material  able  to 
meet  all  performance  requirements.  There  is 
also  some  resistance  to  consideration  of  new 
materials  without  very  extensive  testing 
because  of  experience  with  at  least  two 


TABLE  I 

Comparison  of  Polyimide  (PI)  and  Fluoropolymer 


(FP)  Properties 

PI  FP 

Temperature  Resistance  +  + 

Chemical  Resistance  -  ♦ 

Cut  through  6  Abrasion  Resistance  ♦ 

Space  6  Weight  Saving  + 

Arc  Track  Resistance  (AC  Power)  -  + 

Electrical  Properties  +  + 

Code»  +  Area  of  strength 


-  Area  of  relative  deficiency 


-.jandidave  materials  developed  in  the  last  30 
year.,  which  exhibited  severe  deficiencies  which 
were  discovered  only  after  the  materials  were 
in  service.1 

However,  composite  multilayered  structures  have 
shown  great  promise  for  exploiting  the 
advantages  of  each  material  while  minimizing  or 
even  eliminating  the  flaws  of  each.  This 
approach  is  used  in  creating  modem  rigid 
advanced  polymer  composites  from  high 
performance  thermoplastics  and  thermosets  and 
from  glass,  carbon  fiber,  aramids  and  other 
reinforcements.  A  similar  technology  has 
proven  very  powerful  in  the  packaging  industry 
where  flexible  films,  sheets,  thermoformed  tubs 
and  bottles  are  made  with  multiple  thin  layers 
of  different  plastics.  Such  flexible  packaging 
composites  are  principally  produced  by  melt 
coextrusion  or  by  extrusion  coating. 

While  melt  process  fluoropolymers  and 
polyimides  have  been  made  and  offered 
commercially  for  many  years,  the  high  melt 
temperatures,  high  melt  viscosities,  tight 
crystal  line  structures  and/or  three 
dimensional  molecular  networks  of  the  best 
performing  fluoropolymers  and  polyimides  make 
them  impossible  to  process  by  conventional  melt 
extrusion.  This  has  dictated  that  tame 
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wrapping  be  used  to  proceus  these  materials 
Into  Hite  insulation.  A  few  high  performance 
composite  tapes  have  be;n  available  to  wire 
manufacturers  for  some  time2.  He  have  rectntly 
made  many  advances  in  the  technology  of 
manufacture  and  use  of  flexible  composite 
materials  and  we  would  like  to  make  this 
preliminary  report  on  films  which  are  now 
available  and  which  may  offer  unique 
opportunities  for  upgrading  the  performance  of 
wire  and  cable  constructions.  Individual 
layers  in  these  composite  films  range  in 
thickness  from  .05  to  .6  mils  (1.2  to  13 
microns). 

Our  efforts  are  continuing  and  we  expect  soon 
to  define  other  attractive  complex  films  and 
tapes  as  well  as  to  offer  specific  data 
regarding  the  performance  of  these  novel 
insulating  materials  in  service. 

COWSTRUCTIONS  HOW  AVAILABLE 

A.-Emv  to  Use  PTfE  Based  films 

The  fluoropolymer  with  the  highest  continuous 
service  temperature  capability  is 
polytetrafluoroethylene  (PTFE).  We  have 
refined  the  technology  for  processing  this 
material  into  extremely  thin  films,  for 
manufacturing  films  with  multiple  PTFE  layers 
with  different  properties,  and  for  producing 
multilayer  films  where  some  layers  are  pure 
PTFE  for  the  highest  temperature  capability  and 
other  layers  are  thermally  bondable  due  to  the 
presence  of  fluorlnated  copolymers  such  as  FEP 
or  PFA  or  of  fluoropolymer  alloys  which  can 
achieve  tenacious  bonding  to  themselves  or 
other  films  at  moderate  processing  temperatures 
but  will  retain  bond  strength  at  the  2605C  use 
temperature  of  PTFE. 

These  films  are  highly  consolidated  and  have  a 
high  tensile  strength.  They  are  easy  to  work 
with  and  can  be  set  up  and  used  on  conventional 
tape  wrapping  equipment.  We  believe  that  the 
high  consolidation  of  these  films  provides  an 
improvement  in  cut  through  relative  to  paste 
extruded  PTFE  films. 

A  reported  problem  with  highly  consolidated 
PTFE  films  in  the  past  has  been  that  the  lip 
which  is  formed  during  the  tape  winding  would 
tend  to  catch  and  tear  during  the  pulling  of 
the  construction  over  a  comer  or  sharp 
surface.  To  address  this  concern,  we  have 
developed  a  film  material  in  which  a  sizeable 


portion  of  the  thickness  can  flow  to  form  a 
uniform  smooth  outer  surface.  This  material  is 
now  in  use  in  these  applications  where  case  of 
installation  is  a  serious  concern. 

An  illustration  of  the  properties  of  bondable 
PTFE  films  is  given  in  Table  II. 

TABLE  II 

Properties  of  PTFE  melt  bondable  films5 


Property 

Value 

AS-m  Method 

Tensile  Strength 

Hachlne  Direction  psl  4200 

Transverse  Direction  psi  4200 

D862-S4B 

D882-54B 

Elongation 

Hachlne  Direction 
Transverse  Direction 

«* 
O  O 
o  o 

D882-54B 

DB82-S4B 

Specific  Gravity 

2. 1-2.2 

D792-50 

Tear  Strength,  psi 

400-800 

D624 

Stiffness,  775F,psl 

50,000 

D747 

Water  Absorption 

0.00 

D570-42 

Hoisture  Permeability  8.001" 
g/100  sq  in/24  hrs  0.2 

Specific  Heat 
BTU/lb/oF8100-260JF 

.25 

Coefficient  of  Thermal 
Expansion  /OF877-1449 

5.5X10"5 

D698-44B 

Embrittlement  Temperature 

<-100cF 

Haximum  Continuous  Service 
Temperature 

260’C 

5009F 

Flammability,  in/min 

non-  D835-44 

flammable 

Resistance  to  Weathering 

excellent 

Static  or  Kinetic  Co¬ 
efficient  of  friction 
against  Polished  Steel 

0.04 

Solvent  Resistance 

chemically 
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Electrical  Properties 

Dielectric  Constant  60-10*  hz 

2.0 

D150-54 

Dissipation  Factor  (0-10*  hz 

<0.0003  D150-54 

Volume  Resistivity 

>10* 5 

D257-52 

Surface  Resistivity, 

1001RH  megohms 

3.6x10* 

D257-52 

Dielectric  Strength, 

Short  Time  .001"  V/Hll 

4200 

0149-55 

Surface  Arc  Resistance,  Sec 

Does  Not 

Track  D495-48 

8.  Elimination  of  Arc  Tricking 

Although  polyimide  films  sty  exhibit  arc 
tracking  under  both  wet  and  dry  conditions  at 
relatively  low  voltages,  fluoropolymer 
Materials  show  particularly  excellent  ate  track 
resistance  in  tests  designed  to  simulate 
current  aircraft  power  systems.  An  exhaustive 
analysis  of  arc  tracking  is  beyond  the  scope  of 
this  report.  However,  a  mother  of 
organizations  have  reported  to  us  that  PTFE 
films  and/or  polyimide*  layered  with  PTFE  can 
reduce  or  eliminate  any  tendency  of  the 
polyimide  to  arc  track  under  realistic  use 
conditions.  It  is  suggested  that  maximizing 
the  ratio  of  PTFE  to  polyimide  in  an 
appropriate  geometry  will  minimize  the  tendency 
to  arc  track. 

Developing  a  usable  polyimide  layered  with  PTTE 
is  very  difficult  because  of  the  poor  adhesion 
between  polyimide  and  PTFE  which  causes  the 
layers  to  separate  easily  and  can  cause  the 
composite  to  have  poor  insulation  Integrity  and 
relatively  pcor  cut  through  resistance.  He 
have  developed  technology  for  producing 
excellent  adhesion  between  polyimide  and  PTFE. 
Tapes  using  this  technology  \._11  retain  a 
strong  bond  at  temperatures  up  to  and  beyond 
260’  C. 

Two  different  approaches  to  arc  track  reduction 
have  been  used  invoking  polyimide/PTFE 
laminated  films.  Ot.v  "proach  uses  a 
relatively  thick  layer  ot  PTFE,  such  as  a  .5 
mil/1  mil/. S  mil  film  to  bi.-ld  the 
concentration  of  PTFE  in  the  finished  product  . 
The  other  uses  a  thin  layer  of  PTFE,  such  as  a 
.125  mil  PTFE/1  mil  polyimide/. 125  rail  PTFE  and 


bonds  the  PTFE  layers  to  pure  fluoropolymer 
layers,  such  as  are  described  in  A  above. 

Arc  tracking  appears  to  be  self  perpetuating 
once  the  phenomenon  starts.  To  eliminate  arc 
tracking,  it  is  important  that  the 
fluoropolymer  be  present  at  the  exact  point  in 
the  construction  where  the  arc  tracking  is 
occurring.  The  two  approaches  listed  above 
allow  the  wire  designer  to  position  the  PTFE 
precisely  where  it  ,  desired  in  the 
construction. 

Hire  constructions  are  being  developed  which 
will  use  lasers  Co  mark  the  wire.  Infrared 
lasers  (both  conventional  and  excimer)  and 
ultraviolet  lasers  are  now  being  used.  He  have 
been  able  to  design  tapes  using  our  multilayer 
technology  where  a  layer  ot  one  color  will 
ablace  under  the  laser  light  to  reveal  a  layer 
of  another  color.  These  tapes  give  excellent 
permanent  laser  markability  with  no  compromise 
of  high  temperature  properties. 

P.  Uniquely  Colored  Tapes 

On  occasion,  requirements  appear  for  unique 
coloration  such  as  transparent  coloration  or 
special  colors.  Our  ability  to  produce  thin 
layers  with  discrete  colors,  such  as  is 
mentioned  in  C  above,  allows  us  to  address 
these  requirements  also. 

E.  Conductive  Tapes 

Our  multilayer  film  technology  allows  us  to 
manufacture  filled  conductive  tapes*.  These 
materials  have  resistivity  in  the  range  of  3000 
ohms/square.  They  will  readily  heat  seal  and 
the  conductivity  is  totally  maintained  across 
the  heat  seal. 

REFERENCES 

1)  An  early  fluoropolymer, 
polychlorotrifluoroethylene  (PCTFE)  had  a 
thermal  embrittlement  problem  which  only 
appeared  after  the  material  had  been  in  service 
as  a  wire  insulation  for  a  period  of  time.  An 
aromatic  polyketone  insulation,  which  was 
promoted  in  the  mid  1970,  was  attacked  by 
certain  solvents  and  this  problem  was  not 
realized  until  the  material  was  in  service. 

2)  The  Kapton*  F  polyimide/fluoropolywer  films 
offered  by  the  DuPont  Company  and  the 


436  International  Wire  &  Cable  Symposium  Proceedings  1989 


fluoropolyaer  and  polyiMide/fluoropoly»ers 
files  offered  by  the  Oilecrix  Corp.  and  by  the 
Torsion  Carp  and  now  offered  by  the  Toralon 
Division  of  the  Chemical  Fabrics  Corporation 
under  the  tradename  CHEHFIUf  are  notable 
examples  of  cos^slte  constructions. 

3)  This  Material  Is  desisted  CHEMFILH  DF 
2919JCR. 

4)  This  Material  is  desisted  CKEHF11M  DF 
1471. 

5)  These  Materials  are  designated  CKEHFHM  DF 
1700  when  one  side  is  Melt  bondable  and 
CMEHTILH  Dr  170008  when  both  sides  are  Melt 
bondable. 
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PLASTIC  etACOINQ  FlBElt  CABLE  A*®  ITo  FI’S  I  ON  splicing 

f m  tNtxxtt  am>  anooca  installation 

Sltlgco  Shlmlsu,  Kenlfhi  Kemora,  Tauguo  Sato  ami  Yoahlkaxu  JUtsuda 


Die  Furukawa  Electric  Co-  LIU. 
lehihara,  Chibs.  ?&Q  Japm. 


i'wtMry 

PCT*(plaat|c  cladding  filter)  with  a  large  core 
diameter  ami  high  N.A.  Is  advantageous  for  short 
distance  application  such  as  LANUmal  area 
networks).  Indoor  ami  outdoor  cables,  and  reliable 
Jointing  technique*  were  required. 

ICFs  with  pure  silica  core  and  f luoroacrylate  resin 
cladding  was  developed,  and  It*  N.A.  via*  0,4. 

Dtree  type*  of  cable*  were  designed,  fabricated 
and  aludled  on  transmission,  mechanical  and  environ¬ 
mental  properties. 

Up  to  now,  only  connector*  with  lo**  of  1  to  3  dQ 
have  been  available  for  Jointing  the  PCF.  Fusion 
splicing  I*  expected  to  be  desirable  for  a  system 
with  long  length  outdoor  KK  cables.  A  practical 
fusion  splicing  technique  was  developed  for  the 
first  lime.  Splicing  loss  was  not  larger  Ilian  0.4  dli 
at  the  temperature  from  — iOXT  to  ■*8Q'C 

From  these  results,  It  Is  concluded  that  applica¬ 
bility  of  the  rCF  cables  can  be  expanded  to  botli 
Indoor*  and  outdoor*. 


I  Introduction 

IAN  I*  one  of  the  Important  appl  I*  allot*.*  of  fiber 
optic  transmission*.  Because  of  th»  large  .ore  and 
high  N.A.  It  is  easy  lo  couple  the  |VF  to  Iff?  light 
source,  and  then  test  for  fabricating  transmission 
module  1*  reduced.  Therefore,  lit  view  of  realising 
a  economical  system,  the  IVF  cable*  are  advantageous 
for  the  short  distance  system.  Fig. I  show*  an  outline 
of  the  system. 

Wien  practically  using  the  PCF  In  various  LANs, 
following  are  required. 

(!)  )CF  cables  can  be  available  for  Indoor  and 
outdoor  applications, 

(2)  Field  splicing  can  be  easily  done  In  short 
time. 

Dil#  report  presents  the  developments  of  now  FCF 
rabies  and  splicing  technique  for  the  ITF,  which 
meet  the  above  requirements. 


Ittlidlat  Cut  Idtng 


Fig.  1  Inter-bulldlng  Wiring  System 
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i  Cable  rescript  Inn* 


Jarkeied  fitrr 


&  l  Jiicksled  Fiber 

ICP*  w|tb  pure  silica  rare  and  f lvBrea*rylate 
renin  cladding  were  Jacketed  by  FW  (MlivUnv 
teirsf  lunreethyUne  ro-poljmer).  01  saw  ter*  of  tore, 
cladding  and  Jacket  were  2O0  /«,  2h)  pm  and  r4X)  pm. 
respectively.  ff.A.  was  0-4. 


i! 


-AN 


(p)X(o>; 


Sircigih  setter  (Kevlar) 
~f.C  Shetih 


taj  2-Core  Plat  Cable 


2  2  I  miner  Cable* 

Tvoa  type*  of  ref  cable*  were  fabricated  and 
examined  by  environmental  test*,  the  was  a  2-«orc 
flat  cable  and  tlic  oilier  was  a  2-«.urs  stranded  cable, 
a*  shewn  In  fig,  3(a)  and  3(b),  respectively.  The 
flat  cable  has  good  flexibility  and  then  Is  suitable 
foi  wiring  the  fCF  In  small  bend.  The  stranded  cable 
has  high  mechanical  strength  and  Is  advantageous  for 
trunk  line  In  the  buildings. 


Jacketed  fiber 
Strength  .tester  (Kevlar) 
ftC  Sheath 
Strength  .tester 
ft  String 
wrapping  lire 
fVC  Sheath 


2  3  Outdoor  Cable 

It  Is  required  for  tne  cable  to  be  constructed  by 
n  mortal  He  materials  for  preventing  transmission 
modules  from  damages  by  lightning,  electromagnetic 
Induction  amt  so  on.  And  In  view  of  et&nomUal  design 
and  high  resistivity  to  environment,  the  PCF  cable 
with  a  slotted  core  ami  Plilpaly  ethylene)  sheath  was 
fabricated  for  outdoors. 

The  thermal  expanding  coefficient  of  the  cable  I* 
larger  than  that  of  the  Jacketed  fC|-  placed  In  the 
slot.  At  elevated  teitgierature,  the  PCI*  can  not 
elongate  with  the  slotted  core,  and  then  the  Jacketed 
PCF  may  be  pressed  to  the  wall  of  the  slot  by  the 
reduction  of  wound  radius  of  the  PCF, 

Dy  preper  design  of  the  shape  and  alxe  of  slot, 
the  Jacketed  PCF  In  the  slot  may  freely  move  In  the 
slot  and  loss  degradation  at  elevated  temperature 
could  be  remarkably  Improved. 


Ibl  2  core  Stranded  Cable 


Jacketed  fiber 
Strength  Xcxber  (ftf) 
Slotted  Core 
Wrapping  Tape 
rc  Sheath 


Fig.  2  Cross-sectional  Structure  of  PCF  Cables 


Items 

Test 

Condition 

2-core  Flat 
Cable 

2-core  Stranded 
Cable 

Slotted  Cable 

Tensile 

Strength  (kg) 

Gauge  Length  10m 

10 

(  0  dB) 

100 

(a  0-1  dB) 

250 

(a  0b  dB) 

Bending  (nfi  ) 

180*  Bending 

20 

(  0  dB) 

25 

(0.01  dB) 

100 
(  0  dD) 

TWIstlng 

5  TUrns/1  m 

(  0  dB) 

(  0  dB) 

(  0  dB) 

Impact  (pound- feet) 

25  mnAvrlght 

1  Time 

3 

(  0  dB) 

9 

(0.  02  dB) 

9 

C  0  dD) 

Compression  (kg) 

50  rrrn  Width  Plate 

00 

(0.  10  dB) 

100 

(0.  13  dB) 

250 
(  0  dD) 

A»0.  82  pm 


Table  1  Results  of  Mechanical  Tests 
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3  Cable  P *rli, manor. 

Attenuations  of  tit***  rabies  w«r*  less  than  ditto* 
ai  &  «2  m> 

Table  t  show*  result*  of  mechanical  lent*.  frc« 
thes*  result*.  It  ws*  found  that  these  rabies  have 
excellent  mechanle&t  properties  sufficient  far 
practically  handling. 

Result*  of  temperature  eyele  l«»t  for  the  flat 
cable.  the  stranded  vabf n  and  the  slotted  cable  are 
shewed  In  fig*. 3^*  respectively.  l  ight  #e«fte  *08 
Kept  at  a  constant  temperature  during  the  « e-str-  and 
optical  output  power  of  the  cables  were  measured  at 
various  temperatures.  Averaged  value  of  loss 
variation  of  the  ftT  In  the  cables  w*rc  plotted  In 
tbe  figure*. 

toss  Increase  of  the  indoor  cables  were  less  than 
3  dit  to*  at  temperature  from  ~2QT  to  iCOtt  and  that 
of  the  ooldaor  cable  was  less  than  3  dlbtoa  at  tem¬ 
perature  fr«et  dOT  to  *SdV. 

The  variation  of  N.A.  of  lit*  ICP  with  temperature 
Is  essentially  due  to  the  variation  of  refractive 
Index  of  the  plastic  cladding  resin.  The  loss  varl* 
atlon  Is  resulted  from  tlw  variation  of  N.A.  and 
the  mlcrebendlng.  The  Iom  variation  of  the  coatrd 
fiber  Is  mainly  due  to  the  variation  of  N.A. . 

Los*  Increase  of  the  Ja.fceted  fiber  was  almost  same 
a*  that  of  the  coated  fiber  at  low  temperature. 
Therefore  contribution  of  the  mlrr&bcndlng  to  loss 
variation  was  considered  l»  be  small.  At  low  tempera 
tore  In  the  test,  loss  Increase  of  the  Score  flat 
cable  was  name  an  that  of  the  Jakeled  f<*P.  while 
that  at  the  stranded  cable  was  slightly  larger  than 
that  of  the  jalietevi  l<*F.  because  of  compression  of 
PVr  sheath. 

less  Increase  wf  the  slotted  cable  was  same  as 
the  Jaketed  K'P  This  was  resulted  from  the  proper 
design  of  slotted  cure,  and  then  It  was  found  that 
the  large  elongation  of  the  cable  did  not  Influence 
on  the  transmission  properties  ef  the  fCF. 


Fis.3  T  eroture  Cycling  Result  of  Flat  Cable  Fig.  5  Temperature  Cycling  Result  of  Slotted  Cable 
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d.  Fusion  Splicing  Technique 

It  Ik  well  known  that  fusion  spl Icing  method  for 
optical  silica  fitter*  has  low  Jointing  toss  ami 
high  reliabilities'  However,  up  to  now,  |t  wan 
difficult  for  the  fusion  splicing  technique  tn  he 
usetl  for  the  PCF*.  The  reasons  were  as  follow*  s 
I)  It  we»s  needed  to  strip  the  cladding  resin 
before  the  fusion  splicing  procedure.  However, 

It  was  difficult  to  do  so,  because  of  tight 
adhesion  of  the  cladding  resin  to  silica  cere 
for  realising  good  transmission  and  mechanical 
properties. 

3)  It  took  a  long  time  to  repair  the  cladding 
layer  after  the  fusion  splicing  procedure. 

Flg.6  show*  a  procedure  of  the  newly  developed 
fusion  splicing  method  for  the  fCPs. 

Firstly,  ETFE  Jacket  Is  stripped,  while  resin  clad¬ 
ding  Is  not  stripped. 

Secondly,  fibers  are  cleaved  and  spliced  by  fusion. 
Here,  a  conventional  spllelng  machine  for  silica 
glass  graded  Index  fiber  was  used,  hut  the  splice 
condition  was  optimised  for  the  ICF. 

Thirdly,  as  the  cladding  resin  of  the  [<Tf  Is 
thermally  decomposed  by  fusion,  another  thin  resin 
Is  rceoatcd  on  the  spliced  fiber  as  a  newly  recovered 
cladding. 


Finally,  the  spliced  fiber  Is  covered  with  a 
thermoplastic  resin  sleeve  for  additional  cladding 
and  a  heat  shrinkable  plastic  tube  with  reinforcement 
as  shewn  in  fig,?. 

Features  of  this  new  method  are  as  follows  , 

!>  The  splice  can  he  made  without  stripping  the 
cladding  resin.  Per  this  purpose,  new  plastic 
resin  for  cladding  was  developed,  and  thickness 
was  reduced  for  easily  derom»*oscd. 

2)  Fresh  cladding  on  the  spliced  fiber  can  be 
recoated  In  short  lime.  Krwly  developed  solu¬ 
tion  for  cladding  resin  is  quickly  cured  and 
has  a  function  for  smoothing  the  boundary 
between  core  and  additional  cladding. 

T1  The  spliced  fiber  Is  protected  by  the  thereat 
plastu  sleeve  fur  additional  cladding  and  the 
shrinkable  tube  for  reinforcement. 


I  Jacketing  Roovat 


i  Fiber 

Cutting 

Fusion  Splicing 

Recosting  with 

Cladding  Material 

Fiber 

Recustcd  Cladding 

Thermoplastic  Resin 
.^Jacketed  Fiber 


V 

^  Strength  Member 
Heat  Shrinkable  Tube 


Reinforceaent 


Fig.  6  Fusion  Splicing  Procedure 


Fig.  7  Spliced  Fiber  with  Reinforcement 
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Flit. S  shew*  fusion  splicing  loss.  It  wag  clarifies} 
that  averaged  Jointing  less  was  t*  22  dfl  and  one  fifth 
to  one  fifteen^.  of  connecters.  Plg.9  shew*  a  tempe¬ 
rature  dependence  of  splicing  loss.  Averaged  total 
Jointing  less  Including  less  Increase  due  to  tempera¬ 
ture  change  was  not  larger  than  P.  d  dll  at  the  tesgiera 
ture  from  -d9  f  to  <S«3  ti 

Pig. 10  shows  the  tensile  strengths  of  the  fusion 
splicing.  The  strength  at  the  probability  of  50T.  was 
d  kgf  and  equivalent  to  that  of  silica  fiber  at  I  C« 
elongation. 

ft.  Conclusion 

Three  typos  of  cables  using  the  PCP  with  pure 
silica  core,  fluoreacrylatc  cladding  and  BIITv  Jacket 
were  developed.  TVo  were  Indoor  cables  and  one  wag 
a  nonmetal  lie  outdoor  cable.  Trasmlsslon  and  media- 
nlcal  properties  of  these  tables  were  revealed  quite 
satisfactory. 

A  practical  fusion  splicing  technique  for  the  HTs 
was  developed.  Averaged  splicing  loss  was  not  larger 
than  CM  dll  at  the  temperature  from  -dftf  to  1BQT.  It 
was  clearly  less  than  connector  loss. 

From  these  results.  It  Is  concluded  that  applica¬ 
bility  of  ItF  cables  can  he  expanded  to  both  Indoors 
and  outdoors. 
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Fig.  8  HI stgr.xn  of  Fusion  Splicing  Loss 
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Fig.  10  Welbul!  Plots  of  Breakage  Strength  of 
Spliced  Fiber 
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ABSTRACT 

A  multiple  single-mode  fiber  connector  has  been 
developed  for  use  in  optical  communications 
system,  especially  for  connection  of  high-fiber 
count  subscriber  cables,  in  order  to  achieve  a 
low  loss  connection,  the  connector  design  Mlnly 
comprises  a  high  precision  grinding  technique  for 
a  silicon  bonded  chip.  T.iis  technique  is  used  to 
produce  Mny  triangular  fiber  holes  between  two 
guide-pin  V-grooves  which  provide  precise 
connector  alignment.  The  connector  has  a  simple 
structure,  therefore  it  is  possible  to  reconnect 
it  easily  and  quickly.  It  has  been  found  that 
the  mean  connecting  loss  for  non-identical 
single-mode  12-fiber  is  approximately  0.3dB,  the 
loss  variation  is  less  than  O.ZdB  for  SO 
reconnections. 


1.  INTRODUCTION 

In  fiber  optic  communications  systems,  single¬ 
mode  fibers  are  used  to  provide  high  quality 
services  to  meet  the  various  demands  of 
subscribers.  Because  high  fiber  count  cables  are 
demanded  for  subscriber  transmission  lines, 
multiple  fiber  connectors  will  be  required 
[1][2].  In  this  system,  it  Is  necessary  to 
accommodate  a  large  number  of  connectors  in  a 
closure  or  pulling  eye  of  a  pre-connectorized 
cable,  therefore  the  connector  is  required  to  be 
small  in  size  and  easy  to  connect.  Furthermore, 
lower  cost  and  lower  loss  are  important  factors 
because  of  the  higher  number  of  connectors 
between  a  telephone  office  and  subscribers,  and 
the  introduction  of  lower  cost  emitting  and 
receiving  devices  into  the  system. 

For  th';_  purpose,  we  have  developed  a  novel 
multiple  single-mode  fiber  connector  which  we 
call  the  SV  connector.  The  connector  has  a 
Silicon  V-grooved  capillary  chip  which  is  a  high 
precision  connector  ferrule  using  an  od.-v.-ced 
grinding  technique,  and  is  suitable  for  mass 
production  [3].  This  paper  describes  the  desc  ¬ 
end  characteristics  of  the  new  connector  for  1 1- 
fiber  ribbon. 


2.  SV  CONNECTOR  DESIGN 

The  connecting  method,  with  guide-pins,  has  the 
advantage  of  reducing  the  size  of  the  connector. 
Figure  1  shows  the  basic  structure  of  the  SV-12 
(for  12-fiber  ribbon)  connector.  Two  connector 
plugs  with  12-fiber  ribbon  and  precisely  aligned 
by  two  guide-pins  and  four  spring  clamps.  Thus, 
the  connector  has  a  simple  structure  and  the 
connecting  operation  is  easy.  Generally 
connector*  using  guide-pin  for  alignment  are 
affected  seriously  by  two  factors:  First,  there 
are  the  eccentricity  of  the  fiber  position 
against  the  guide-pin  position,  second,  the 
destrlbution  of  the  guide-pin  diameter.  However, 
our  newly  developed  SV  connector  can  avoid  these 
problems  for  Its  superior  constructions.  We 
explain  about  it  in  the  following. 


Figure  1  Structure  of  SV-12  connector 
(for  12-fiber  ribbon) 
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2.1  WWCIPLE  Of  ALIGWHFNT  MECHANISM 

In  order  to  achieve  low  lost  for  Multiple  flbors, 
wo  adopted  the  aligning  mechanism  of  compressing 
and  fixing  tho  guide-pins  on  tho  guldo-pln 
groove*  which  aro  parts  of  tho  silicon  chip, 
Flguro  2  Illustrates  tho  contact  surface  of  tho 
silicon  chip.  Tho  silicon  chip  has  many 
triangular  fiber  holes  between  two  V-grooves  for 
guide-pins.  The  V*groov«s  are  Manufactured 
without  a  precise  etched  process,  which  is 
generally  utilized  in  the  field  of  semiconductor 
technology,  thus  the  only  process  needed  is  the 
advanced  grinding  technique.  It  is  difficult  to 
produce  the  two  kinds  of  V-groove  which  differ  in 
depth,  for  fiber  and  gutue-pin,  if  the  V-grooves 
are  Manufactured  by  the  use  cf  an  etched  process. 
However,  the  grinding  technique  will  successfully 
produce  the  dlrferent  V-grooves  together  Jng 
only  one  process.  Moreover,  the  gr  ,Jing 
technique  has  few  processes  than  the  etched  me, 
so  it  is  suitable  for  moss  production  attribute 
to  lower  cost.  The  deviation  of  relative 
position  between  each  fiber  holes  and  guide-pin 
grooves  are  within  *Q.5u*  in  the  direction  of 
both  the  pitch  and  depth  of  the  V-groove,  and 
that  of  the  othir  surrounding  chip  size  do  not 
influence  the  connecting  loss. 


Figure  3  SV-12  connector  plug 


2.2  DETAIL  OF  DESIGN 


To  align  connectors  by  two  guide-pins,  the  guide- 
pin  position  must  be  precisely  fixed  on  the 
silicon  chip  against  fiber  position.  For  this 
purpose,  the  guide-pin  is  pressed  against  the 
wall  of  the  V-groove  of  the  silicon  chip.  If  the 
V-groove  for  guide-pin  is  covered  by  the  wall  and 
forms  a  triangular  hole  like  those  for  fibers,  a 
serious  problem  for  a  clearance  between  the 
triangular  hole  and  the  guide-pin  will  occur,  and 
we  can't  expect  a  stable  connecting  loss. 
Therefore  this  exposed  V-groove  structure  is 
necessary  for  low  loss  and  stable  connections. 


PRESSURE  FORCES 


Figure  2  Contact  surface  of  silicon  ship 


Figure  3  shows  a  SV-12  connector  plug.  The  plug 
consists  of  a  G-clamp  housing,  the  silicon  chip 
and  a  rubber  boot.  The  G-clamp  housing  fixes  the 
guide-pins  to  V-grooves  realizing  low  loss  and  a 
stable  connection.  When  the  guide-pin  is 
inserted  into  the  guide-piii  groove,  the  pressure 
pad,  which  is  a  part  of  the  G-clamp  housing, 
elastically  deforms  upward  and  the  reaction  force 
compresses  the  guide-pin  on  the  V-groove.  The 
pressure  force  is  not  strong,  and  the  inserting 
friction  for  the  guide-pin  is  less  than  lOOgf, 
which  is  the  desirable  value  for  the  operation  of 
guide-pin  inserting.  This  first  connecting  step 
is  sufficient  to  provide  the  pre-alignment  of  the 
guide-pin,  however,  the  situation  of  the 
connecting  plugs  are  unstable,  by  external  forces 
such  as  tension,  flex,  twist  etc.  Therefore,  in 
the  second  step  of  the  connecting  procedure,  the 
spring  clamp  is  attached  to  the  plug  as  shown  in 
Figure  1.  As  a  result,  the  total  pressure  forces 
for  guide-pin  increases  up  to  3kgf,  and  the 
stable  connection  is  realized. 

The  size  of  the  SV-12  connector  plug  is  8.4(W)  x 
3.4(H)  x  ’2. 0(1)  mm5,  and  the  cross-sectional 
area  is  only  2.4mmI/fiber.  The  diameter  of  the 
guide-pin  is  0.7mm,  the  length  is  14mm.  The 
dimension  of  two  plugs  joined  and  four  spring 
clamps  is  11.2(W)  x  6.5(H)  x  26.0(1)  mm5  as  shown 
in  Figure  4.  These  sizes  are  suitable  for  easy 
handling  and  accommodating  in  a  narrow  space, 
such  as  a  closure.  The  spring  clamp  is  slightly 
larger  than  the  plug,  because  the  clamp  is 
attached  using  a  clamping  tool  and  it  has  a 
catching  portion  against  the  tool. 
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3.  CONNECTOR  TESTS 


(mm) 


Figure  4  Dimensions  of  two  connectors  Joined 


2.3  ASSEH8LY  PROCESS 

Assembly  of  the  silicon  chip  and  the  G-elamp 
housing  is  done  before  the  insertion  of  fibers 
into  the  chip.  The  assembled  chip  which  we  call 
the  SV  ferrule  is  small  enough  to  carry. 
Therefore  the  SV  connector  can  be  assembled  in 
both  the  factory  and  the  field. 

Figure  5  indicates  the  assembly  process  of  fiber. 
The  fibers  are  inserted  into  the  ferrule  from  the 
end  surface  of  the  chip  with  adhesive  through  the 
rubber  boot.  This  procedure  is  basically  the 
same  as  one  for  a  general  single  fiber  connector, 
and  is  possible  to  assemble  without  being  skilled 
and  without  special  tools.  After  fibers  are 
fixed  by  the  adhesive,  the  front  surface  of  the 
ferrule  is  polished,  and  last,  the  rubber  boot  is 
attached. 


The  SV  connector  design  objectives  of  small  site, 
low  loss  and  low  cost  were  evaluated  by  testing 
samples  to  standard  mechanical  and  environmental 
tests.  The  samples  were  assembled  with  12-fiber 
ribbon  made  from  standard  Sumitomo  single-mode 
fibers.  The  loss  measurements  were  made  with 
1.3um  LEO  sources,  and  the  loss  measured  with 
index  matching  material. 

3.1  CONNECT IMS  LOSS 

Sixteen  12-fiber  SV  connector  (SV-12  type)  were 
assembled  for  insertion  loss  measurements,  all 
combinations  of  the  two  SV  connectors  were 
connected.  Figure  6  shows  the  histogram  of  the 
connecting  loss  for  760  non-identical  fiber 
connections.  The  averaged  loss  was  0.33dB.  This 
value  includes  some  large  losses  such  as  the 
maximum  loss  1.77dB.  It  is  considered  that  the 
larger  loss  is  caused  by  the  distribution  of  the 
fiber  diameter  and  core  eccentricity  in  addition 
to  processing  errors  of  the  silicon  chip. 
Consequently  the  large  value  is  reasonable  in  the 
random  fiber  connections. 

The  relationship  between  the  connecting  loss  and 
each  fiber  position  is  shown  in  Figure  7.  The 
result  Indicates  that  the  fiber  position  does  not 
exert  an  influence  on  the  loss,  and  that  the 
processing  precision  of  V-groove  position  and 
quantities.  Therefore  the  number  of  fibers  to  be 
connected  can  be  chosen  without  loosing  connector 
quality.  Actually  we  prepared  a  variety  of  SV 
connectors  that  included  up  to  18  fibers,  upon 
the  user's  request. 
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Figure  5  Assembly  process  of  fibers 


Figure  6  Connecting  loss  histogram  of  all  fibers 
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3.2  REPETITION 


Figure  8  shows  the  loss  changes  of  the  two  fiber 
positions  (No. 6  snd  No. 12)  In  seme  connector  for 
SO  connections  end  reconnections.  The  beheviors 
of  the  loss  change  closely  resemble  eech  other  In 
spite  of  the  difference  of  the  Inltlel  connecting 
losses.  This  tendency  cen  be  explained  in  terms 
of  the  miss-alignment  of  the  guide-pin.  The 
standard  deviations  were  O.Q6dB  and  O.lldB 
respectively,  and  these  values  have  no  problem 
for  practical  use. 

3.3  TEMPERATURE  CYCLING 

The  temperature  cycling  performance  was  measured 
over  the  range  of  -30°C  to  60°C.  The  loss  change 
of  two  fiber  positions  (No.l  and  No. 6)  and  the 
schedule  of  the  thermal  cycle  are  shown  in  Figure 
9.  Loss  changes  of  less  than  0.2dB  occured  over 
the  given  temperature  range. 


IMIbtr  rlbben 


Flbtr  position 


Figure  7  Relationship  between  connecting  loss 
and  fiber  position 


Repltatlons  (tines) 
Figure  8  Repetition  test 


Figure  9  Temperature  cycling  test 
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REFERENCE 


3.4  SUMMARY  OF  PERFORMANCE 

In  addition  to  above  tests,  testing  samples  were 
measured  to  vibration,  humidity  resistance,  and 
retention.  These  test  results  are  also 
summarized  in  Table  1.  The  results  were  found  to 
be  satisfactory. 


4.  CONCLUSION 

A  novel  multiple  single-mode  fiber  connector  has 
been  designed  for  use  in  optical  communications 
systems  and  is  composed  of  a  precisely  V-grooved 
silicon  chip,  G-claap  housing  and  two  guide-pins. 
The  silicon  chip  is  manufactured  by  using  an 
advanced  grinding  technique  which  is  suitable  for 
mass  production.  The  processing  precision  of  the 
silicon  V-groove  is  within  *0.5nm. 

To  reduce  the  ferrule  size  and  to  realize  low 
loss  with  simple  structure,  we  adopted  the 
aligning  method  to  use  two  guide-pins  and  V- 
grooves.  The  dimension  of  two  joined  12-fiber  SV 
connectors  with  spring  clamps  is  11.2{W)  x  6.5(H) 
X  26.0(1)  mm1.  The  average  connecting  loss  for 
single-mode  12-fiber  ribbon  was  0.33dB  (with 
matching  oil)  which  Is  a  satisfactory  value  for  a 
multiple  single-mode  fiber  connector. 
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Table  1  Optical  characteristics  and  reliability  test 


Test 

Condition 

Loss 

Connecting  loss 

Aul.30pa,  LEO 

Single-node  12-flber  ribbon  (with  natchlng  gel) 

Average  <  0.5dB 

Pepetltlon 

50  tines 

Connector  cleaning  on  every  5  tines 

Standard  deviation 
<  0.15d8 

Vibration 

In  direction  of  X,  Y  and  2 

Amplitude:  ilmm,  50Hz 

Loss  change 
<  0.1d8 

Temperature  cycling 

-30°C  to  460'C 

5  hrs/cycle  x  8  cycles  (total  48hrs) 

Loss  change 
<  O.ZdB 

Humidity  resistance 

80°C,  95SRH,  for  72hrs 

Loss  change 
<  O.ZdB 

Retention 

Tension:  l.Okgf,  0.5nm/sec 

Loss  change 
<  0.la3 

Return  loss 

A-1.31pn 

(neasure  back  reflection) 

<  -45dB 

448  International  Wire  &  Cable  Symposium  Proceedings  1989 


Kazuhito  Saito 

Sumitomo  Electric 
Industries,  Ltd, 

I,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Toshiaki  Kakii 

Sumitomo  Electric 
Industries,  Ltd. 

1,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Kazuhito  Saito  received  a  M.E.  degree  from  "okyo 
institute  of  technology  in  1986.  He  joined 
Sumitomo  Electric  Industries,  Ltd.  in  1986,  and 
has  been  engaged  in  research  and  development  of 
optical  connectors.  He  is  an  engineer  of 
Communication  R&D  Department  in  Yokohama  Research 
Laboratories. 


Toshiaki  Kakii  was  born  in  1955  and  received  a 
M.E.  degree  from  Keio  University  in  1980.  He 
joined  Sumitomo  Electric  Industries,  Ltd.  in  1980 
and  has  been  engaged  in  research  and  development 
of  optical  fiber  jointing  technologies.  He  is  a 
senior  engineer  of  Comunication  R&D  Department 
in  Yokohama  Research  Laboratories. 


Hidetoshi  Ishida 

Sumitomo  Electric 
Industries,  Ltd. 

1,  Taya-cho,  Sakaa-ku 
Yokohama,  Japan 


Shuzo  Suzuki 

Sumitomo  Electric 
Industries,  Ltd. 

1,  Taya-cho,  Sakae-ku 
Yokohama,  Japan 


Hidetoshi  Ishida  received  a  M.E.  degree  from 
Tohoku  University  in  1987.  He  joined  Sum'tomo 
Electric  Industries,  Ltd.  in  1987,  and  has  been 
engaged  in  research  and  development  of  optical 
connectors.  He  is  an  engineer  of  Communication 
R&D  Department  in  Yokohama  Research  laboratories. 


Shuzo  Suzuki  received  a  M.S.  in  1972  from  Tokyo 
University.  He  joined  Sumitomo  Electric 
Industries,  Ltd.  in  1972,  and  has  been  engaged  in 
research  and  development  of  optical  fiber,  cable 
and  jointing  technologies.  He  is  a  chief 
research  associate  of  Communication  R&D 
Department  in  Yokohama  Research  Laboratories. 


International  Wire  &  Cable  Symposium  Proceedings  1089  449 


DEVELOPMENT  QILA.NQN;DtSTAliCTiy.£  TEST  FOB  MICROBF.NP  LOSS  MECHANISMS 

IflCABLEP  EURE, 


P.A.Sutton,  J.L.L.Roberts,  AXSummers  -  STC  * 
A. Phoenix,  D.Rees  -  Polytechnic  of  Wales  •• 


Cable  Products  Division,  Newport,  Gwent,  UK. 
**  Treforest,  Mid  Glamorgan,  UK. 


ABSTRACT. 


Microbending  within  optical  fibres  it  a  loti  mechanitm 
which  it  accentuated  during  cable  manufacture.  Whiltt  the 
fibres'  transmission  chaiacterittict  are  invariably  within  the 
required  specification,  tome  deteriorate  due  to  the  cabling 
proccst.  No  method  currently  exiitt  for  identifying  fibres  mott 
likely  to  exhibit  thit  behaviour.  Thit  paper  describes  attemptt 
to  addrett  thit  issue  and  to  identify  the  parameter!  dictating 
microbend  performance.  A  new  microbend  test  it  developed 
which  it  repeatable  and  repretentative,  and  a  model  it  pretented 
which  cnablet  fibre  performance  to  be  predicted. 


INTRODUCTION. 


Optical  fibre  cablet  have  many  advantagei  over  their  co¬ 
axial  and  copper  equivalent  which  include  light  weight,  tmall 
diameter  and  excellent  trantmittion  characterittict.  However, 
optical  waveguide!  are  tentitive  to  mechanical  and 
environmental  influence!  and  the  pretervation  of  the  fibre'! 
propertiei  it  a  major  challenge  in  cable  manufacture. 

Two  major  mechanitmt  of  tignal  loti  in  cabled  fibret 
have  been  classified  at  macro  and  microbending.  While  the 
mechanitmt  of  macrobending  are  well  documented  and 
underttood  (1.2),  thote  of  microbending  are  not.  Broadly, 
microbending  it  a  mechanitm  of  loti  caused  by  perturbations 
along  the  fibre  axis.  The  magnitude  of  the  microbending  effect 
in  a  cabled  fibre  it  a  function  of  both  the  fibre's  parameters, 
and  the  way  the  fibre  rests  in  the  cable. 

When  a  bobbin  of  fibre  it  tested  before  cabling  to 
establish  its  inherent  lots,  the  observed  attenuation  wilt  not  only 
be  a  function  of  the  fibre  itself,  but  alto  of  the  way  it  it  wound 
onto  the  drum.  A  fibre  within  specification  can  appear  to  have 
an  excessively  high  toss  simply  because  of  poor  drum  winding. 
It  was  for  this  reason  that  tests  which  deduced  fibre 
performance  from  a  short  sample  taken  from  a  drum  were 
developed. 

The  causes  of  microbending  are  diverse,  with  the 
phenomenon  being  unpredictable  and  difficult  to  quantify.  This 
is  r<  fleeted  in  the  industrial  tests  which  are  currently  used  to 
measure  the  effects  of  microbending  and  in  the  general 
approach  to  the  problem.  Two  tests  for  microbending  currently 
in  existence  are  the  basket  weave  and  the  graphite  paper  tests 
(3,4).  They  are  examples  of  the  traditional  approach  to 
microbending  and  use  fibre  cross  overs  and  irregular 
perturbations  to  promote  losses.  These  methods  in  general 
produce  unrepeatable  results  and  in  the  esse  of  the  graphite  test, 
can  prove  destructive  to  the  fibre  sample. 

Any  test  should  not  only  classify  the  loss  of  a  fibre 
compared  to  others,  but  also  allow  an  actual  prediction  of  cabled 
fibre  performance.  For  this  reason,  the  emphasis  of  this 
investigation  compared  with  previous  papers  (5,6)  (which  haye 
provided  indices  of  relative  performance  for  various  fibre 
designs),  has  been  the  prediction  of  actual  cabled  fibre 
attenuations  rather  than  the  comparison  of  test  performances 

A  feature  of  the  conventional  approach  to  microbending 


is  to  attest  the  susceptibility  of  fibret  to  the  phenomenon, 
without  explaining  the  causes  of  that  susceptibility.  An  aim  of 
thit  investigation  has  therefore  been  to  relate  microbend 
sensitivity  to  fibre  parameters. 

From  the  above  considerations,  the  requirements  in 
analysing  the  microbending  phenomenon  were  taken  to  be  at 
follows:. 

(i)  A  repeatable,  representative  microbend  test  wit  required 
which  would  be  non  destructive  to  the  fibre  samples; 

(ii)  The  results  of  the  microbending  tests  should  be  linked  to 
a  fibre's  physical  characteristics  in  an  attempt  to  develop 
lots  prediction  a'-jorithms  relevant  to  all  fibres. 

These  considerations  were  predominant  in  progressing 
the  work. 


TEST  DEVELOPMENT  AND  OBJECTIVES. 


In  the  previous  section,  the  objectives  of  the  work  were 
outlined.  A  microbending  test  was  required  which  was  both 
repeatable  and  representative.  Repeatability  implied  not  only  the 
need  for  consistent  results  across  several  samples  of  the  same 
fibre,  but  also  embodied  the  notion  of  total  test  non- 
destructiveness. 

The  test  was  intended  to  be  representative  in  as  far  as 
the  results  measured  could  be  extrapolated  to  predict  microbend 
attenuations  within  cables.  The  ultimate  aim  was  to  quantify  the 
relationship  between  measured  test  attenuations  and  individual 
fib*  i  parameters.  This  would  allow  the  test  to  be  superseded  by 
a  performance  prediction  algorithm  utilising  fibre  parameters. 

In  designing  a  new  microbend  test,  the  shortcomings  of 
existing  tests  were  considered  and  the  design  modified  to 
eliminate  them.  Inconsistencies  in  results  commonly  arise  due  to 
problems  such  as:- 

(i)  The  method  of  perturbation  inducement  is  a  random 
pattern; 

(ii)  The  fibre  is  placed  on  the  inducement  differently  each 
time  the  test  is  performed; 

(iii)  Inconsistent  placing  of  the  fibre  causes  a  different  length 
to  be  compressed  during  each  test. 

These  shortcomings  lead  to  inaccurate  results,  producing 
tests  with  limited  integrity. 

The  rig  designed  for  this  test  is  shown  in  Figure  1.  It 
incorporated  features  to  specifically  overcome  the  problems 
listed  above.  Mesh  was  used  so  that  a  regular  rather  than  random 
perturbation  pattern  was  imposed  on  the  fibre;  two  locating  pins 
prevented  all  movement  between  surfaces;  and  the  fibre  was  laid 
in  a  loop  so  that  the  sample  would  experience  all  directions  of 
mesh  to  minimise  directional  inconsistencies.  Dimensional 
accuracy  was  ensured  by  marking  a  circle  on  the  holding 
material.  A  slot  cut  at  the  fibre  crossover  prevented  spurious 
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torn  due  to  unwanted  compression  at  this  point.  The  fibre 
sample  was  arranged  (in  a  circle  of  known  diameter  in  a  fixed 
position)  on  the  holding  material,  which  was  attached  to  the  top 
block.  This  ensured  that  every  sample  had  an  identical  position 
on  the  mesh.  Both  the  mesh  and  the  top  block  were  located  on 
the  pins  to  ensure  consistency  of  placement. 
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Figure  I.  Microbcndint  Test  lVsitn. 

Two  types  of  gauss,  JO  (fine)  mesh,  and  20  (rough)  mesh 
were  used  as  perturbation  inducements  in  conjunction  with  two 
kinds  of  holding  material,  neoprene  rubber  and  card. 
Combinations  or  these  materials  produced  four  variations  of  the 
test.  On  all  of  these  tests,  0.22  m  of  fibre  was  compressed  by 
forces  of  30,  40,  50,  60  and  70  N.  The  resulting  attenuations 
were  analysed  and  related  to  their  respective  fibre  parameters. 

The  fibre  samples  were  selected  at  random  without 
regard  for  their  parameters.  For  this  reason,  no  performance 
related  conclusions  should  be  drawn  from  the  parametric 
distributions. 


Three  fibre  types  were  chosen  in  order  to  evaluate  the 
validity  of  the  test.  The  designs  were:- 

(i)  Modified  Chemical  Vapour  Deposition  (MCVD)  matched 
cladding  single  coat  fibre; 

(ii)  Modified  Chemical  Vapour  Deposition  (MCVD)  depressed 
cladding  double  coat  fibre; 

(Hi)  Outside  Vapour  Deposition  (OVD)  double  coated  fibre. 

For  brevity,  throughout  the  remainder  of  this  paper,  the 
aforementioned  fibres  will  be  referred  to  as  types  A,  B  and  C 
respectively.  The  refractive  index  profiles  of  these  fibres  are 
shown  in  Figures  2,3,4. 

For  all  fibres,  certain  parameters  were  measured  in  order 
to  relate  them  to  test  performance.  The  refractive  index 
parameters  measured  are  shown  in  Table  I,  along  with 
additional  derived  values.  Figure  2  shows  the  points  on  the 
profiles  from  which  the  refractive  index  parameters  were  taken. 

In  addition,  the  fibre  transmission  parameters  shown  in 
Table  2  were  measured  for  each  of  the  fibres. 
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Figure  5. 
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Parameter 

Symbol 

dip  index 

"a 

peak  index 

"l 

cladding 

index 

cladding 

depresaed 

index 

n* 

dn* 

(•it  “»»* ) 

A* 

dip  site* 

(n,  -»v, ) 

S 

cladding 

depression* 

(nj-i»a) 

*  derived  value*. 


Table  I.  M enured  and  Derived  Refractive  Inde*  Parameter* 
with  Symbol*. 


Parameter 

Symbol 

Dimension 

cut  off 
wavelength 

nm 

1300nm 

Petenaann  mode 
field  diameter 

S» 

#»■ 

1300rua 

Gaussian  mode 

field  diameter 

Sts 

pm 

1550nm 

Petermann  mode 
field  diameter 

St» 

P* 

1550nm 

Gaussian  mode 
field  diameter 

St* 

Hm 

Table  2.  Measured  Fibre  Transmission  Charictcristic^Svmbob 
and  Units. 


RESULTS. 


Figure  5  is  an  example  of  a  plot  of  attenuation  against 
applied  force  for  the  smooth  mesh  and  rubber  test.  The  graphs 
demonstrate  the  individual  loss  characteristics  resulting  from 
each  of  the  tests.  Each  variant  of  the  test  induced  differing 
levels  of  attenuation  in  the  fibre  sample.  The  rough  mesh  tests 
tended  to  be  more  severe  than  the  smooth  mesh  ones,  while  the 
rubber  caused  higher  losses  than  the  card. 

The  tests  were  designed  to  induce  only  the  microbending 
mode  of  loss.  However,  it  was  recognised  that  other  modes  of 


low  might  exist,  affecting  to  varying  degree*  the  accuracy  of 
result*  from  the  different  test*.  For  this  reason,  the  tests  were 
critically  assessed  to  identify  those  most  likely  to  produce  pure 
microbending  induced  attenuations. 

The  card  tests  were  likely  to  lead  to  the  fibre  undergoing 
periodic  constriction  rather  than  the  axial  perturbations  required 
for  microbe nding.  Therefore  whilst  producing  consistent  results, 
there  was  evidence  that  the  test  promoted  modes  of  lots  other 
than  microbending. 


Figure  6.  Absolute  Spectral  Attenuations  for  Tvoe  A  Fibres  on 
the  Roush  Mesh  and  Rubber  Test  for  Various  applied 
forces. 


Figure  7.  Absolute  Sntctnl  Autnuitiom  for  Typc.A  Fifaics  on 
the  Smooth  M«h,»pdi^ubhtr  .TMifor,.Y>fioug.«afllittl 

forces. 


The  rubber  based  tests  were  more  likely  to  cause  pure 
microbending.  It  was  however  necessary  to  ensure  that  the 
degree  of  macrobending  was  insignificant.  This  was  proved  by 
examination  of  the  information  in  Figures  6,7,  showing  spectral 
attenuations  for  the  rubber  tests.  For  both  grapi»,  each  line  is 
a  different  applied  force  increasing  at  intervals  of  10  N  from  30 
to  70  N.  Macrobending  is  evidenced  by  the  attenuation  at 
l3S0nm  being  greater  than  twice  the  attenuation  at  I300nm  (7]. 
In  Figure  6  for  some  compressive  forces,  the  attenuation  at 
ISSOnm  met  this  criterion,  suggesting  slight  macrobending  had 
been  induced.  On  the  smooth  mesh  and  rubber  test  in  Figure  7 
however,  the  I3$0nm  attenuation  was  always  less  than  twice  the 
1300  nm  result  proving  the  absence  of  macrobending.  The 
smooth  mesh  and  rubber  tests  therefore  did  not  produce 
macrobending  as  a  major  mode  of  loss. 

The  smooth  mesh  and  rubber  test  could  promote  other 
undesirable  modes  of  loss.  If  the  mesh  were  too  fine,  the  fibre 
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would  b«  uaabk  to  follow  Its  form  and  the  test  would  cause 
maialy  compression.  The  possibility  of  this  effect  having  any 
sigaifksace,  was  eliminated  by  carrying  out  compression  tests 
between  two  flat  plates.  The  forces  required  to  produce 
attenuations  of  the  magnitude  observed  in  the  smooth  mesh  and 
rubber  test,  were  many  times  greater  than  those  used  in  the  test 
its-'lf.  Another  mode  of  loss  other  than  compression 
therefore  in  operation,  which  indicated  that  mScrobends  had 
been  induced.  It  was  concluded  that  the  smooth  mesh  and 
rubber  test  provided  the  desired  mkrobendirs  effects. 

The  observed  increase  in  signet  attc'.uation  with  applied 
force,  while  not  being  a  linear  relationship  was  characteristic 
for  each  individual  fibre.  This  suggested  that  the  fibre 
parameters  dktated  not  only  the  absolute  attenuation,  but  also 
the  nature  of  the  loss/force  relationship. 

The  signal  attenuations  for  all  fibres  within  a  test 
variation  were  of  comparable  magnitude.  It  could  therefore  be 
concluded  that  the  combined  effect  of  each  fibre's 
characteristics,  ie.  refractive  index  profile,  process  method  and 
coating  type,  kad  to  mkrobend  resistance  kveis  of  a  similar 
C.der. 

The  precautions  already  described  for  the  design  and 
construction  of  the  smooth  mesh  and  rubber  test,  contributed 
positively  to  the  repeatability  of  the  measured  attenuations.  The 
performance  of  a  fibre  was  measured  by  taking  five  readings  on 
a  lest  and  then  cakuiating  their  average.  The  repeatability  of  the 
test  k  demonstrated  by  Figure  I  where  for  various  forces,  the 
distributions  of  a  typical  fibre's  measured  attenuations  about 
their  averages  arc  shown.  It  can  be  seen  that  the  measured 
attenuations  never  exceeded  ±  10%  of  the  average  attenuation, 
giving  a  wry  high  degree  of  repeatability. 
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closely  linked  to  other  parameters  that  they  contributed  nothing 
to  its  accuracy. 

It  was  found  that  the  sample  of  type  A  fibres  had  a 
suffkknt  spread  of  parameters  to  allow  the  multiple  regression 
programme  to  run  successfully  resulting  In  models  with  a  high 
confidence  limit.  This  unfortunately  was  not  the  case  with  the 
type  R  or  C  fibres,  whkh  had  a  narrower  base  of  parameters.  In 
these  cases,  the  multiple  regression  package  failed  to  uncover 
any  alicnustion>retaied  parameter  trends. 

Having  selected  smooth  mesh  and  rubber  as  the  optimal 
test,  the  analysis  enabled  a  mathematical  relationship  to  be 
developed  for  the  predktion  of  type  A  fibre  performance.  Tabk 
3  displays  some  of  the  statistkal  data  which  shows  the  high 
degree  of  accuracy  to  whkh  the  model  predicted  the  measured 
performance.  The  coeffkient  of  determination,  R*  is  a  measurt 
of  the  accuracy  of  the  predicted  figures  compared  with  \h 
measured  ones.  The  signlfkant  T  value  is  the  probability  that  T, 
the  ratio  of  each  coeffkknt  to  its  error,  occurred  as  a  result  of 
random  effects.  F  it  the  ability  of  the  equation  to  explain  the 
variability  of  the  measured  values.  Significant  F  is  the 
probability  that  the  relationship  stated  in  the  model  could  have 
come  about  by  chance.  Therefore  the  combination  of  high  values 
of  R*,T  and  F,  and  negligibk  'significant'  T  and  F  values, 
demonstrated  the  validity  of  the  model. 

Table  4  shows  the  parameters  used  In  the  model  and  the 
individual  coeffkkntt  of  determination  of  each  when  regressed 
with  the  mkrobend  attenuation  values. 


Parameter 

Modal  valua 

R* 

87% 

Signif  T 

(«p|l) 

0.0000 

(A,  ) 

0.0001 

(A,  ) 

0.0117 

(constant) 

0.0000 

Signif  F 

(all  variables) 

0.0000 

Table  3.  Siaiillicai  Parameters  Showjne  Accuracy  of  Model 
RtlkUnt  10  the  Smooth-Mesh  and  Rubber  Test. 


Eiturc-8.  Error .in  McaiumLValuts.M.£imitul3r  Applied  Basil 
kUiSflnm  ibotiuhcir,  Avenirs. 


ANALYSIS, 


The  consistency  of  the  results  verified  that  a 
mathematical  model  could  be  used  to  predict  the  fibre 
performance,  obviating  the  need  to  perform  the  test.  The  first 
attempt  to  quantify  the  link  between  parameter  and  performance 
involved  plotting  a  fibre's  parameters  one  at  a  time  against  its 
attenuations  at  each  value  of  applied  force  for  each  test.  This 
method  was  abandoned  since  it  was  realised  that  not  only  was 
performance  a  function  of  multiple  parameters,  but  the 
parameters  themselves  were  interrelated.  Clearly,  no  attenuation 
could  be  linked  to  a  parameter  in  isolation,  since  the  mechanism 
of  loss  was  a  function  of  many  variables. 

It  was  for  this  reason  that  the  method  cf  stepwise 
multiple  regression  [8,9],  was  used  to  develop  the  mathematical 
models.  Stepwise  multiple  regression  investigated  each  of  the 
parameters  in  turn,  its  relationship  with  the  fibre  performance 
and  its  interrelation  with  other  parameters.  In  this  way,  it  was 
possible  to  eliminate  parameters  detrimental  to  the  model,  or  so 


Variable 

Coaff.  of  Determination 

(wpu) 

75% 

> 

1% 

<A„ ) 

21% 

Table  4.  CoefflcicnlS-or  determinaiion  of  the  individual  model 

amble*. 


The  parameter  with  the  greatest  influence  on  the  model's 
predictions  was  the  I550nm  Petermann  mode  field  diameter 
(wpis)‘  The  reason  for  this  being  that  the  mode  field  diameter 
(mfdj  is  indicative  of  the  amount  of  light  being  carried  outside 
the  fibre  core.  The  larger  the  proportion  of  light  outside  the 
core,  the  greater  the  possibility  of  light  leaking  out  of  the  fibre 
when  it  encountered  perturbations.  The  various  mathematical 
descriptions  of  mfd  are  strongly  interrelated;  thus  the  multiple 
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regression  programme  required  only  one  in  (he  model.  The 
choice  of  the  1550  nm  Pelermann  representation  suggested  that 
for  this  teat,  it  was  the  b«t  description  of  the  power  distribution 
within  the  fibre. 

liquation  (I)  models  the  1550  nm  performance  of  type 
A  fibres  for  the  smooth  mesh  and  rubber  test  using  an  applied 
force  of  60  N. 

predicted 

test  attenuation  «  O.Wfy, J(AfH96\A,,)-9.5 1 7  { 1 ) 


where  ‘•'mi.a*  and  A„  have  been  defined  in  Tables  1,2. 
figure  9  shows  a  plot  of  predicted  against  aeiuat 
attenuation  on  the  smooth  mesh  and  rubber  test  at  1550  nm 
using  the  above  equation. 


•  <4  I  14  t 

•UtnmUon  (40} 
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A  repeatable,  non  destructive  optical  fibre  test  wets 
developed  which  induced  microbending  ts  the  dominant  loss 
mechanism. 

Results  using  the  above  test  on  CVD  matched  cladding 
single  cost  fibre,  have  been  analysed  using  a  stepwise  regression 
technique.  This  has  produced  a  mathematical  model  which  gives 
high  statistical  correlation  with  measured  values,  and  in  which 
the  I550nm  Petermann  spot  sire  was  the  most  significant 
parameter. 
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Suaaary 

High-count  single-node  (SB)  fiber  ribbon 
cables  have  been  used  in  optical  subscriber 
netaork  to  provide  high  quality  services. 

Loa  loss  and  hi|h  speed  aultl-flber 
eonneetion  techniques  are  strongly  required 
for  construction  of  econoalcal  SB  subscriber 
netaork  systeas. 

The  precisely  aolded  plastic  aultl-flber 
onnector  has  boon  developod  for  a  SB 
aultl-flber  ribbon. 

After  study  of  aolding  condition  using  high 
-precision  aolds  and  plastic  aaterial  of  loa 
ao Id  shrinkage, the  average  insertion  loss 
of  O.lSQdB  aas  obtained  for  SB  4-flber 
ribbon,  and  the  loss  variation  aas  less  than 
0.2HB  in  various  reliability  tests, 

l  .Introduction 

Recently,  high-count  SB  fiber  cables  have 
been  used  In  optical  subscriber  netaork  to 
provide  h>gh  quality  service.  And  the 
high-donsliy  SB  fibor  ribbons  havo  been  used 
In  oables.  The  structure  of  SB  fiber  cable 
and  ribbon  is  shoan  In  l-lg.l. 

Thus , the  SB  aultl-ftbor  plastic  jonncctor 
has  been  developed  for  the  SB  fiber  ribbon 
a  I  th  loa  insertion  loss,  long  tori 
rel labl 1 1 ty .very  snail  size  and  light 
aelght . 


Fig. I  Structure  of  Cable  and  Ribbon 


2  .Structure 

The  ferrule  structure  of  SB  aultl-flber 
plastic  connector  Is  shoan  in  Fig. 2.  The 
aultl-flber  ferrule  has  tao  guide  holes  for 
alignaont  and  aultl-flber  holes  that  the 
optical  fibers  are  Inserted  through. 


Fig. 2  Ferrule  Structure 


The  structure  of  the  SB  aultl-flber  plastic 
connector  Is  shoan  in  Fig. 3.  A  pair  of 
connectors  is  aligned  by  tao  guide  pins  and 
held  by  tho  claap  spring. 


456  International  Wire  &  Cable  Symposium  Proceedings  1989 


To  obtain  *  to*  insertion  lot*, the  mating 
fact  d I atnt lent  of  tbs  multi-fiber  ferrule 
should  be  highly  precise. 

Tbs  nul i«f (ber  fsrrule  is  required  that 
reproducibility  of  tbs  fiber  hole  disaster, 
the  guide  hols  eter  and  the  fiber  boles 
eccentricity  error  against  guide  bole  is 
less  than  l  .S/in. 


Fig, 3  Connector  Structure 


3.  Mounting  Procedure  of  SM  auli-fiber 
connector , 

The  SH  uultl-flber  plastic  connector  Is 

produced  through  the  steps  as  folloas. 

(LI  The  ferrule  is  foraed  by  transfer 

molding  thcraOECttl ins  epoxy  resin.  In 
this  mold  inj, a  high-precision  aold  and 
epoxy  rexfn  of  loa  rold  shrinkage  are 
used . 

(2)  The  aating  face  dimension  of  the 
ferrule  *s  measured  uiih  the  proolslon 
measuring  Instrument  of  non-contact  typo. 

(3)  Optical  fibers  are  inserted  Into  fiber 
holes  and  fixed  aith  epoxy  adhesive. 

(4)  The  aating  face  of  tho  ferrules  is 
pol ished . 

4.  Relationship  botmeen  dimension  and 

Insertion  loss 

In  this  connector, following  tmo  (actors  arc 


considered  having  influence  on  the  insertion 
loss , 

(1)  eccentricity  error  of  the  fiber  holes 

(2)  Clearance  betaeon  the  fiber  holo 
diameter  and  the  optical  fiber  outer 
diameter . 

Here, the  Influence  of  these  factors  on 
insertion  loss  is  made  clear. 

(1)  Relationship  betmeen  eccentricity  error 
of  the  fiber  holes  and  the  insertion  loss 

The  test  mas  put  through  the  steps  as 
fot lo»*: 

eccentricity  error  of  the  fiber  holex  for 
the  4-fiber  ferrule  mating  face  mas  measured 
m i  lb  the  precision  measuring  instrument.  The 
optical  fiber  ribbon  mas  inserted  into  fiber 
holes.  Clearance  betmeen  the  fiber  holes  and 
the  outer  diameter  of  the  fibers  is  less 
than  1/t a. Insertion  loxs  of  tho  5H  4-flbor 
connector  against  master  connector  mith  an 
index  matching  material  mas  examined. 
Relationship  betmeen  eccentricity  error  of 
the  fiber  Holes  and  the  insertion  losses  of 
Sfi  4-flbor  connootor  against  master 
connector  is  shomn  in  Flg.4. 


ECCENTRICITY  ERROR 
OF  FIBER  HOLE  («m) 

Fig. 4  Relationship  betmeen  Eccontrlcity 
Error  of  the  Fibor  Holes  and 
Insertion  bosses 
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li  if  knoan  that  jointing  toss  o(  the  SH 
optical  fiber  if  exprssed  «f  beloa  against 
eccenlrclty  error  o(  SH  liber  tode  field 
diaaeter . 

L“  4.34  (r#/a)  *  L  :  Insertion  l,oft 

r« :  Ecocntrici ty  orror 
w:  Node  Field  Diaaeter 

Hoaevcr,the  insertion  Ion  ol  the  SH 
connector  If  different  free  the  theoretical 
eurve  (1).  This  is  considered  to  bo  caused 
by  eccentricity  error  of  SH  optical  fiber 
aode  field  diaaeter,  clearnce  boiucon  the 
fiber  holo  diaaeter  and  optical  fiber  outer 
diaaeier,and  surface  angle  of  connecter. 

In  actual  use  of  the  connector, eccentric! ty 
error  of  fiber  holef  of  the  SH  autt t-f 
plastic  ferrule  should  be  less  than  1 ,5.n « 
to  obtain  insertion  loss  beloa  143. 

( Z )  Effect  of  atcarance  between  the  fiber 
hole  and  the  fiber  outer  disaster 

The  clearance  betacen  the  fiber  hole  and 
the  fiber  outer  diaaeter  aas  set  to  be  1,2, 
and  3u  a.  Insertion  losses  aero  astnieiod 
against  aaster  connector  and  the  randoa 
connection  of  each  connector.  The  4-fiber 
ferrule  used  In  the  lost  aas  less  than  1  ji  a 
in  occentrioity  orror  of  fiber  holes. 

Relationship  brtaden  clearance  ol  the 
ftbor  holes  to  the  optical  fiber  outer 
diaaeter  and  Insertion  lore  Is  shoan  in 
Table  1  and  Fig. 5. 

It  has  been  clear  that  sxaller  cloara'co 
brings  about  loacr  insertion  loss  both  In 
randoa  and  aaster  ocneec t Ions ,  In  tho 
randoa  connection, this  trend  ass  aoro  clear. 


Tabic  1.  Clearance  and  Insertion  Loss 


CLEARANCE  («m) 

1 

■ 

2 

3 

Insertion  Loss 
Against  Master 

Av. 

0.109 

0.145 

0.193 

S.D. 

0.063 

0.067 

0.136 

Insertion  Loss 
Random 

Av. 

0.161 

0.256 

0.341 

S.D. 

0.104 

0.166 

0.283 

CLEARANCE  BETWEEN 

THE  FIBER  HOLE  AND  THE  F10ER 


Flg.5  Relationship  Betacen  Clearance 
and  Insertion  Loss 

5  .Dlacnslon  of  aultl-fiber  plastic  ferrule 

As  described  above, dlaenslonal  accur  cy  of 
the  aultl-fiber  plastic  ferrule  for  the  SH 
aultl-fiber  connector  has  a  large  Influence. 

In  this  section, the  precise  diaension  of 
the  SH  4-flber  plastic  ferrule  Is  described. 

A  histograa  of  eccentricity  error  of  the 
fiber  hole  of  tho  SH  4-Flber  plastic  ferrule 
is  shoan  In  Fig. 6  and  occentrlcity  orror  ol 
o*3ii  hole  is  shoan  In  Table  2. 


ECCENTRICITY  ERROR 
OF  FIBER  HOLE  (wm) 


Fig. 6.  Kistograa  of  Eccentricity  Erro* 
of  Fiber  Holo 
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Tab  1 •  2  Eccentricity  error  of  Fiber  Hole 


HOLE  NUMBER  M 


Av.  0.64!  0.68  |  0.634  0.594 


0.295  0.364 


.2  1.78 


Table  3  Insertion  loss  of  Each  Fiber 


MAX  1.56 


The  average  eccentricity  error  of  the 
fiber  hole  eas  0.637;/ ■  and  its  standard 
deviation  aas  0.322/1  ■  for  4-fiber  plastic 
ferrule. 


(.Insertion  Loss  of  SR  Rultl-fiber  Connector 

SR  4-fiber  ribbon  ahose  outer  diaaeter  aas 
l2S'Jbl/ia  and  aode  field  eccentricity  error 
aas  beloa  l/xn,eas  fixed  by  epoxy  resin. 

1200  connecting  losses  against  aaster 
connector  acre  aeasurcd  alih  an  index 
aatchlng  aaterial.  A  hfstograa  of  insertion 
loss  of  the  SR  4-fiber  plastic  connector  Is 
shoan  In  F(g.7  and  insertion  loss  of  each 
fiber  is  shoan  in  Table  3. 


0.1  0.2  0.3  0.4  0.5  0.6 

INSERTION  LOSS  (dB) 

Fig. 7  Histograa  of  Insertion  Loss 
of  SR  4-flber  Connector 


FIBER  NUMBER  (dB) 

■■ 

2 

3 

4 

0.202 

0.23 

0.164 

0.164 

0.09 

0.109 

0.075 

0.087 

0.56 

0.55 

0.49 

0.52 

The  average  Insertion  loss  aas  0,190  dB  and 
the  standard  deviation  aas  0 .095  dB.The 
average  insertion  loss  aas  obtained 
0 .164-0  ,230dB .  This  result  indicates  that  a 
SR  aultl-ffber  plastic  connector  has  very 
toa  loss  and  saall  deviation. 

In  actual  use  In  the  field, the  SR 
uultl-flber  connector  is  used  as  randoa 
connection.  A  histograa  of  Insertion  loss 
in  randoa  connection  is  shoan  in  Fig. 8  and 
insertion  loss  of  each  fiber  is  shoan  In 
Table  4. 

30t - 


av.  o.JSt<* 
s.o.  0.  Mleo 
N  IM 
RANDOM  CONNCCTION 


5  20* 


0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

INSERTION  LOSS  (dB) 

Fig.  8  Histograa  of  Insertion  Loss 
of  SR  4-fibor  Cnnoctor  (Randoa  Connection) 

Table  4  Insertion  Loss  of  Each  FiberfRandoa  Connection) 


FIBER  NUMBER  (dB) 


1 

2 

3 

4 

Av. 

0.204 

0.266 

0.269 

0.292 

S.D. 

0.157 

0.142 

0.123 

0.156 

MAX 

0.8 

0.75 

0.69 

0.6 
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The  averagu  insertion  lots  <u  0.258dB 
and  standard  deviation  aas  0.149  dB. 
Insertion  loss  Increase  of  0,062  dB  aas 
revealed  for  the  average  value  and  also 
deviation  increase  of  0.063  dB  aas  revealed 
as  compared  alth  the  Insersion  loss  agatnt 
■aster  connector.  But,these  connectors  have 
sufficient  property  of  connection  loss  for 
practical  use. 

Insertion  loss  of  2-, 8-  and  10-fiber 
connectors  acre  aeasurod  by  the  saao  method 
as  the  SH  4-fiber  connector.  The  results  aro 
shoan  In  Fig. 9. 10  and  11.  As  the  results, 
the  average  of  insertion  loss  of  SH  2-, 8- 
and  1 0  —  f i bur  connectors  acre  0.226  dB, 0.172 
dB  and  0.210  dB. 


INSERTION  LOSS  (do) 


Fig.9  Histogram  of  Insertion  Loss 
of  SH  2-flber  Connector 


INSERTION  LOSS  (dB) 

Fig. 10  Histogram  of  Insertion  Loss 
of  SH  8-fiber  Connector 


Fig. II  Histogram  of  Insertion  Loss 
of  SH  10-flbcr  Connector 

7  .Bel  lability  Test 

Various  kinds  of  reliability  tests  acre 
conducted  to  confirm  the  long  term 
stabilities  of  the  SH  multi-fiber  plastic 
connec  tors  . 

(1)  environmental  Tests 
As  environmental  tests, the  SH  4  fiber 
connector  aas  placed  under  high  teaperature 
and  high  humidliy(<60T>95?£RH>500hrs),hlgh 
te*peraiure(*80'C’100hrs),loa  temperature 
(-40TC -lOOhrsJand  heat  oycle  ( -4 0XT ~ • 6 0 - 1 00 
cycles)  conditions  respectively. 
Environmental  lest  conditions  and  results 
are  shoan  in  Table  5.  Variation  of 
connection  loss  under  heat  cyalc  condition 
Is  shoan  in  Fig, 12. 


Table  S.  Reliability  Test  Condition 
and  Result 


HUW0ITY 

HICH 

TtmMIVtt 

ION 

UMMAATWC 

Hot 

Cidt 

CONDITION 

60'C 

95«RH 

80’C 

■mu 

I00H 

mSm 

toss 

INCREASE 

<0.2dB 

<0.2dB 

<0.2dB 

<0.2dB 
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Fig. 12  Heat  Cyclo  Text 


in  all  these  testa,  loss  variation  during 
and  alter  text  aas  lesx  than  0.2  dB,  and 
these  results  xhou  that  a  SH  aultl-llbor 
plastic  connector  has  stable  connection  lor 
long  tera. 

l2)Haohanlcal  last 


To  oheck  the  aechanlcal  characteristics  o( 
the  SH  4 - f I  be  r  connector, inpacl  test  (500C) 
and  vibration  tesi(10^S5Ht"l  ,5aapp*2hrs) aurc 
carried  out . 

No  variation  uas  observed  in  both  tests. 
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"•elusion 

aultl-llbor  plastic  connector  has  been 

developed  'or  SH  optical  liber  ribbon. 

(1)  To  obtain  lou  Insertion  loss  ol  the  SH 
aultl-flber  plastic  connec tor ,prcc I  so  1 y 
aolded  SH  aulti-llber  plastic  lerrule 
has  been  developed, and  the  repoduc I b i 1 1 ty 
ol  tho  eccentricity  error  of  fiber  hole 

I s  less  than  l.S/ta, 

(2)  The  average  Insertion  loss  of  the  SH 
4-fiber  plastic  connector  against  the 
aaster  connector  aas  0.190  dB  and  tho 
average  ol  randoa  connection  loss  aas 
0.258  dB. 

(3)  The  loss  variation  aas  less  than  0.2  dB 
In  various  reliability  tests. 
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X  u  k  n  i 
1  t  d. 


Abitruci 

Developaent  of  Kon-aeullir  i «r-b lock t ng 

ruble  Is  achieved  by  using  absorbing  polyaer 
that  is  available  for  seawater.  This  new  cable 
tuok  away  the  environaental  llaiutlon  for 
installation  which  was  a  problea  of  conventional 
cable.  And  at  the  saar  tiae,  the  lung-tera 
reliability  of  the  cable  itself  was  laproved. 


HJUlMdjl.c.Uofl 

The  Non-Mela  1 1 1  c  cable  Is  a  cable  strurmre 
that  util  lues  the  non-  induclivl ty.  which  Is  one 
of  the  characteristics  of  the  optical  filer 
cable.  This  structure  is  known  to  be  very 
effcrlive  In  installation  In  Inductive  areas. 

In  these  rabies.  vater-blocKlng  function  have 
been  given  to  enhance  optical  fiber  reliability. 
Generally,  the  aclhud  to  provide  this  function 
is  to  fill  a  crease  coapound  or  use  a  water* 
absorbing  polyaer.  hlien  water-absorbing  polyaer 
Is  used,  the  water-blocking  pcrforaancc  has  not 
been  sufficient  against  high  tonic  solution  like 
seawater  In  the  case  of  conventional  rabies. 

We  have  developed  non-arlalllc  water-blocking 
cable  that  ran  be  used  without  choosing  an 
Installation  envlronacnt  by  laproving  these 
shorlcoaings.  In  this  cable,  water-absorbing 
polyaer  Is  used  only  as  wrapping  to  bold  caUIc 
coaposlte  aatcrlals.  enabling  the  cable  to 
guarantee  the  water-blocking  pcrforaancc  against 
seawater  and  to  achieve  the  easiness  uf  handling 
equal  to  that  of  ordinary  optics!  fiber  cables. 


?.-_CjLbleJj:sJgn 

2-1 _ CpiEj.  rXsjyi_oJUIaW  c JE®.  n  stryctl  o  n  s 

Table  1  coaparcs  cables  that  are  generally 
used  at  present  as  optical  fiber  cables.  The  gas 
aaintaining  type  cable  is  frequently  used  in 
Japan  and  shows  excellent  characteristics  in 
reliability.  On  the  other  hand,  a  gas  facility 
is  needed  for  its  construction  and  it  is  costly 


in  aamtenance  and  aanageaenl.  These  are  the 
reasons  that  sera  in  prevent  these  cables  frna 
prevailing  throughout  the  world. 

Cables  filled  with  jerry  are  noraally  used  in 
countries  other  than  Japan  and  are  seea  to  excel 
in  reliability  for  a  non-gas  aaintaining  cable, 
nevertheless.  It  presents  a  problea  when 
reaovtng  jerry  during  epllral  fiber  xplirlng 
work,  therefore  jerry  cable  does  not  always  have 
good  reputation. 

As  aenlionod  above,  cables  using  a  water 
absorbing  aalcria!  havr  various  advantages  surh 
as  aalntenahce  ro-:  an.,  ease  of  handling.  There¬ 
fore  they  are  considered  to  be  proaising  as 
structures  of  future  low-cost  cables.  However, 
at  present,  the  vater-blocki'-g  perforaanee  of 
thca  is  not  sufficient  with  aqueous  solutions  of 
high  ionic  density  such  as  seawater,  for  this 
reason,  in  the  past,  these  dry  cables  have  been 
used  only  in  Halted  areas.  If  seawater  can  be 
blocked,  they  can  be  Installed  in  all  areas  in 
Japan  without  runsidering  installation  pnviron- 
aents. 

2-2  Perforaanee  Requ l repent 

The  characteristics  required  for  watcr- 
blucking  cables  to  expand  as  tin  aaincurrenl  of 
optical  fiber  cables  are  listed  below. 
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1  Development  of  seawater-blocking 
structure 

As  mentioned  above,  the  cables  that  arc 
available  at  present  do  not  have  stifficl  * 
water-blocking  performance  with  solutions.  ..ch 
have  a  high  ionic  density.  Guarantee  is  given  by 
restricting  water  quality.  Among  aqueous  solu¬ 
tions  which  exist  in  the  nature,  seawater  has 
the  highest  ionic  density.  It  is  quite  possible 
that  seawater  enters  manholes  In  the  coastal 
areas  of  Japan,  for  this  reason,  reliability  on 
watcrblocking  xrcatly  improves  by  blocking 
seawater. 

2  Development  of  100-f  >'r  cable 

To  Increase  the  maximum  number  of  fibers  from 
•IQ  (at  present)  to  IQD. 

3  Elimination  of  water-absorbing  material 
between  optical  fiber  ribbons. 

To  eliminate  waler-absorbluq  narrow  tape 
between  fiber  ribbons  that  has  been  used  with 
convent  I ona I  cables,  hovering  of  the  friction 
resistance  between  ribbons  reduces  strain 
applied  to  the  optical  fibers  and  Improves 
reliability  In  cables  of  this  type  which 
contains  optical  fiber  ribbons  In  a  slot. 

2-3 ,  Cable  Construction 
Figure  I  compares  the  constructions  of  the 
newly  developed  and  conventional  cables.  For  the 
diffusion  of  Ibis  cable  in  the  future,  the  cable 
is  composed  of  rlbbon/slol  structure  which  Is 
popularly  used  in  Japan  at  present. 

The  cables  are  made  entirely  of  non-mcla 1 1 ic 
materials  and  are  nun- inductive.  The  cable  outer 
diameter  is  approximately  18  mm,  and  the  weight 
is  approximately  20Q  kg/km. 

By  chuosiiig  certain  kinds  of  sheath  material, 
the  table  can  be  made  to  be  flame-retardant. 

The  opt  teal  fibers  are  250um  I'V-eoated 
Dispersion  Shifted  Fibers  (DSf)  and  fiber 
ribbons  are  formed.  Compared  with  the 
conventional  structure,  the  following  principal 
changes  and  improvements  have  been  made. 

1  Strength  Member 

In  the  pa,t.  FRP  reinforced  by  glass  fiber 
tC-FRP)  has  been  used  as  non-metal  1 ic  strength 
members.  However,  G-FRP  has  been  strung  against 
the  bending  rigidity  and  has  presented  a  problem 
in  handling  during  lustal lation.  By  using 
aramide  fibers  (K-FRP)  as  strength  member 
replacing  glass,  an  excel  flexibility  is 
achieved  even  (hough  the  outer  diameter  of  the 
strength  members  have  increased  from  3.C  to 
1.5  mm. 

2  Maximum  number  of  fibers 

To  realize  a  100-fiber  cable  as  the  maximum 


number  of  fibers  in  cable,  five  1-flbcr  ribbons 
are  inserted  in  one  groove.  This  achieves  an 
coapaUblllly  with  the  present  feeder  and 
subscriber  cable  structures. 

3  Water-Absorbing  Construction 
To  Improve  the  cable  characteristics,  relia¬ 
bility  and  manufacturability,  the  water- 
absorbing  tape  which  has  been  used  between 
optical  fiber  ribbons  has  been  removed,  and 
water  penetration  inside  the  cable  can  be 
blocked  only  by  water-absorbing  wrappings  around 
the  core.  The  number  of  ribbons  Inside  the 
grooves  has  increased  to  five  and  the  holding 
tape  assures  the  water-absorbing  material  to 
drop  from  the  tapes  and  spreads  inside  the 
grooves  if  water  enters. 


PE  outer  Jacket 
Water-absorbing  tape 
Optical  fiber  ribbon 
Strength  member  (FRP) 

Water-absorbing 

wrapping 

design  HO  fibers) 


PE  outer  Jacket 

Optical  fiber  ribbon 
Slrcglh  member  (FRP) 

Water-absorbing 
wrapping 

10  New  structure  flOO  fibers) 


FIC.I  Crovs  Section  of  Cable  Structure 


h  KaJlerpxftoX  HesJxn 

The  key  technology  for  the  development  of 
this  cable  was  to  endow  a  cable  with  a  water- 
blocking  characteristic  against  seawater. 

3-J  _  Wa  t  er-A(isorJi  I ng  JiatcrliU.  anjLLt.sJtacluttJ s.l 
The  requirements  on  the  water-absorbing 
material  used  in  optical  fiber  cables  arc  as 
follows: 

1  Waterblocking  structure  against  seawater. 

2  Rapid  expansion  by  absorbing  water  to  prevent 
water  penetration  when  water  enters. 

3  No  corrosion  by  bacteria  (no  generation  of 
hydrogen) 
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A  polyacrylic  water-absorbing  aaterial  hi* 
kin  ink  far  tk«  ctractara  le  a«al  tkin 
reqwireotals.  rigara  2  ikni  a  sodtl  of  Ike 
water-absorbing  atckaalta  of  tka  polyacrylic 
aalar-abaorklai  oalarial.  Tka  polyacrylic  water- 
akaarklaf  aatarial  la  a  copolyaar  of  a  polyaer 
aklck  kaa  a  carboxyl  radical,  la  water,  aodiaa 
iaaa  of  -COONa  dlaaoclalc  to  iacraata  tka  Ionic 
deaalty  la  fibara,  thaa  anablini  abaorplion  of 
watar  araaad  It.  tka  water  abaorplion  oagnlfica- 
tlaa  of  a  polyaer  varlea  in  proportion  to  tke 
oaaotic  praaawra  by  ionic  deaalty  difference  and 
to  affinity  of  tke  polyaer  t tael f  with  water  and 
la  a  conatant  tkat  la  deteralned  in  inverse 
praportian  to  tka  oolacwlar  croaallnkini  degree 
In  tke  polyaer.  lacawaa  an  oaaotic  praaawra  la 
waed  aa  a  water-abaorplioa  aeckaniaa,  the  water- 
absorbing  aagnlflcation  of  it  ia  forecaaled  to 
ka  affected  by  tka  Ionic  denally  of  tka  aqueous 
eolation  which  entered.  Tke  waler-abaorplion 
perforaance  le  expected  to  deteriorate  subslan- 
tially  with  an  aqueous  aolwtion  wboae  ionic 
denaity  ia  very  high  inch  aa  aeawaler. 


TMl£  I  Electrolyte  Smlty  of  Lull'd  V'ltr 
«*d  SMMt'r 


Uit'r  OMilty 

Electrolyte  Dmilty  (i/lltt'r) 

Total 

Density 

(Vt« 

MCI 

kCl 

CiCI, 

mcit 

0Ui*r 

Lull'd  Uit'r 

a.w 

0 

0.5 

0 

0 

0.13 

StMltr 

It. S3 

0.11 

I.IC 

5.20 

4.47 

3.05 

LUIUd  V'ltr:  A**r«t  nullity  of  wt'r  U  ■'tdioltt 
throoihout  J'p'n 

Smutty  :  rrttcrlb'd  by  ACTS  DII41 


3jJ„!^BPJUlE0X.iLLKiJLJCX-JlMj»iUlf 

Table  2  cooparea  coapoalle  coaponenta  of 
liaited  water  (aqueous  eolation  which  have  been 
guaranteed  in  the  pant)  and  aaewater.  Tke 
liaited  water  kaa  been  deteralned  baaed  on  tke 
reawl tn  of  tke  aarvey  of  water  accaonlated  In 
aankolei  tkroaghoal  Japan.  Tkia  allows  covering 
of  approxiaately  IIS  of  tke  whole  arena. 

Coapared  with  conventional  liaited  water,  sea¬ 
water  contains  salts  which  are  several  tsit  tinea 
oore  in  denally. 

M  with 

liys.LeA.LlM  I 

Baring  the  process  of  stadying  the  water- 
blocking  characteristic  against  seawater,  it 
becaae  clear  that  the  water  iaaeralon  length 
gradually  advanced  if  a  conventional  water¬ 
absorbing  oal-rlal  was  used.  To  study  the  causes 
for  this  phenooenon,  effects  by  the  kinds  of  the 
electrolyte  were  studied. 

figure  3  plots  fluctuations  of  the  gel  viscos¬ 
ity  of  the  aaterial  when  XaGl  and  CnCL  aqueous 
solutions  were  absorbed  by  the  water-absorbing 
aaterial.  The  gel  viscosity  very  well  oatchea 
the  water-blocking  ability  of  the  water-absorb¬ 
ing  aaterial.  As  the  diagraa  shows,  the  polyaer 
gel  viscosity  has  a  saturation  value,  that  it, 
water-blocking  perforaance  to  soae  extent  exist 
with  univalent  ions  such  aa  KaU,  even  If  the 
electrolyte  density  increases.  The  saturation 
value  is  not  recognized  with  bivalent  ions  such 
as  CaCI.>,  and  the  gel  viscosity  aonolonously 
lowers  as  the  electrolyte  density  increases. 

A  waterblocking  test  using  an  aqueous  solution 
of  1  wlX  CaCI.  shows  that  the  water  penetration 
length  Increases  in  proportion  lo  tine. 


FIG. 3  Effects  of  electrolyte  of  polyaer 
on  water  absorbing  characteristic 
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Against  aquccus  solutions  containing  bivalent 
ions.  the  water-absorbing  polyoer,  in  ibe  first 
*la*e,  dissociates  XV  lent  frun  -COOX*  when 
aaler  attack*  anil  generates  osaotic  pressure  as 
against  deionixed  eater,  to  absorb  eater  inside 
the  polyaer.  Mneever,  »•<*-■  ions  enter  Inside  the 
polyaer  as  llae  passes  *(A  couples  eith  leo 
•COO-  to  fora  a  stable  slate.  T  shrinks  the 
neteork  construction  of  the  eatu-absorbing 
polyaer  and  i»  esllaaled  to  discharge  the  eater 
it  absorbed  once.  To  solve  this  problea,  a 
oaterial  eith  a  lee  octal  ion  dissociation 
degree  and  eith  a  large  affinliy  between  the 
polyaer  and  eater,  has  been  used  to  enhance  the 
eater  blocking  prrforaance  against  bivalent 
inns. 


figure  5-1.  figure  I  shoes  the  test  results  of 
I.  In  I.  cable  of  the  sane  structure  eas  test 
aanufaclured  using  the  conventional  seeding 
aalerial  to  coapare  the  eater-blocking 
characteristics,  and  they  uere  tested.  In  both 
cases,  the  initial  eater  penetration  length  did 
not  sake  a  large  difference,  but  as. llae  passes 
the  penetration  length  of  the  non-seaealer  cable 
did  not  shoe  a  saturation  trend  and  the 
iaaerslon  length  increased  on  a  near  seal-log 
straight  line  relative  to  llae.  On  the  other 
hand,  the  penetration  length  did  not  increase 
nearly  at  all  eith  the  cable  protected  against 
seaeater.  and  the  iaaerslon  length  is  estlaated 
to  be  less  than  ID  a  even  after  2b  years,  ehlcb 
is  the  guaranteed  period  of  the  cable. 


J.  Cablg  Characteristics 

The  characteristics  of  this  eater-blocking 
cable  are  described  beloe. 

J-l  TriBSOiXSilULlOU 
figure  4  shows  loss  fluctuations  between 
cabling  processes  of  lest  aanufactured  cable 
using  dispersion  shifted  fibers.  The  average 
luss  values  between  processes  fluctuated  less 
than  0.02  dbskn.  showing  stable  characteristics. 


lz2_l»lMblosk  ug.  .ChicMtejtlsUx* 

The  waterblocking  characteristics  of  the  test 
■anufaclured  cable  were  neasured  by  the  two 
aethods  shown  In  Figure  5.  I  ■  water  head 
pressure  was  Inposed  upon  the  cable  in  each 
test.  In  both  cases,  the  aqueous  solution  used 
had  the  sane  coaposition  as  that  of  seawater. 

In  the  evaluation  of  5-A,  no  water  leak  after 
24  hours  was  observed  at  the  end  of  1.5  ■  cable 
end.  Long  tern  tendency  of  the  penetration 
length  was  evaluated  by  the  nethod  shown  in 
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FIG. 5  Kvaluation  nethod  of  water- 
blocking  performance 


FIG. 6  Penetration  length  V.S.  elapsed  tine 
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i-l  -liMtthilEe  CNt*ctejcUl  *  £* 
future  7  shows  the  evaluation  retells  of  the 
leeperalure  characteristics  of  the  r»H|es.  The 
■easureoenl  wavelength  it  1.55  m»  as  PST  fiber 
is  used.  The  naxlnun  loss  f luetusi leas  ms 
♦  8.12  dl/kn  at  a  tenperaiure  range  of  -30  to 
ill  *C. 

i- t,  JLe  chMi.c*  L  CharaatjrUil.c  * 

Tahle  3  lists  the  resells  of  the  cable  neehan* 
leal  tests,  la  all  evaluation,  resalts  that 
indicated  trouble  during  cable  use  could  not  be 
obtained,  and  the  saoo  satisfactory  results  as 
those  of  gas-naintalncd  cable  could  be  achieved. 


— I - .J _ t,.  J _ _  i 

•to  *io  o  to  so  so 

Temperature  cv) 
i‘lg.7  Temperature  dependence 


TMIC  3  Cable  Oechaoical  Characteristics 


Item 

Conditions  and  Results 

lateral 

200kg /50mm  X  Iain 

pressure 

Ho  loss  fluctuations 

lending 

KMOOxidcycles,  Ikxicycle 

0:  Cable  outer  diaucier 

Xo  loss  fluctuations.  Ho  sheoth  trouble 

Impact 

1kg X  la  (  2 Sam  column  ) 

Ho  loss  fluctuations 

Torsion 

±180*  /a  ,  Tension  30kg 

Ho  loss.  fluctuations 

Squeeze 

R«S00oa  (  tools  for  Installation  ) 

Tension  200kg 

Kuaber  of  operations  tt'aes 

Ho  loss  fluctuation 

Optical  fiber  strain  0.22  or  less 

5,  Conclusion 

A  cable  with  water-blocking  perfnmauee 
agaiusi  seawater  uas  developed  by  iaprovmg  the 
water-absorbing  aaterial.  aud  is  considered  to 
be  a  preaising  strucluce  as  non-ootalhr  ooo-gas 
aaintenance  cable. 

tnllll  new,  although  the  dry-type  vater- 
bloching  cable  is  easy  to  handle,  it  can  he 
installed  only  after  studying  installation 
environoents.  The  recent  develepnent  enables  a 
dry  cable  that  blocks  seawater  and  that  does 
not  have  to  select  installation  environoents. 

The  latest  development  of  the  dry  non-gas 
cable  allows  to  enjoy  an  advantage  over  jerry- 
filled  cable  in  terns  of  handling  and  over  gag- 
naintenanee  cable  In  leras  of  oalntenance  cost, 
the  water-h locking  performance  for  seawater 
also,  which  has  been  trouble  in  eonnercial mng 
this  cable,  has  been  guaranteed. 
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Low  Temperature  Loss  Stabilized  Cables  with  Optical  Fibers 

Coated  by  UV  Curable  Resins 

K.  Mttmlti,  S.  nkftgnvtt,  M.  Mlknmi  it  ml  8.  Smitsui 
TIIF  FCHUKAWA  F.I.FCTKIC  CO.  ,  LTD. 


Aiiiim 

Ihc  thermal  expansion  behavior*  of  UtiravielcubY) 
curable  resin*  for  epileat  fiber*  were  investigated  for 
i be  low  temperature  use.  It  us  found  that  seme  tv  re*l«t 
showed  anisotropy  in  th*  thermal  expansion  behavior*  10 
axial  and  radial  direction  after  coating  In  drawing 
process.  To  prevent  transmission  lost  Increase  at  low 
temperature.  II  was  tost  important  in  Keep  a  certain  level 
of  ihc  gripping  force  of  coaling*  in  the  radial  direction, 
fro*  the  view  I'oint.  tollable  requirements  for  the 
cm un«  in  optical  fibers  were  decided  ibeoreti tally  and 
experimentally.  winch  suppressed  loss  variation  in  cablet 
to  be  less  than  6.U5dt>1*  at  1.55*  m  in  temperature  range 
of  HO  lo  tint. 


IVTtopiCTlPM 

High  count  subscriber  cables  have  been  extensively 
applied  to  telecommunication  network  in  Japan.  In  the 
optical  cables  various  Mods  of  IV  resins  were  used  for 
•amuinlng  the  rellabliiy.  Particularly  the  coating 
materials  in  optical  fibers  could  play  an  iiperlani  rule 
with  respect  to  the  fiber  properiies  as  *um*ari*ed  in 
Table  1.  Since  the  ruling  aaicrials  had  linear  theraal 
expansion  coefficient  which  were  much  larger  titan  that  in 
silica  glass,  the  transmission  loss  inerrase  at  low 
temperature  was  found  in  optical  fiber  ruled  even  with 
thin  layer  to  outside  diameter  of  250*  m.  In  the  previous 
papers  .  the  less  increase  at  lo^  temperature  lad  Item 
explained  to  result  fro*  buckling  of  glass  parts  in  the 
prliary  layers  which  was  raustd  by  the  shrinking  force  of 
the  secondary  layer.  By  our  calcuiaticn  results  of  the 
shrinking  force  in  the  uptieal  fibers  of  250* m  outside 
diaaeter,  however,  it  was  found  to  be  too  small  to  cause 
buckling  of  glass  parts  hi  the  primary  layers.  Therefore, 
thermal  expansion  characteristics  which  could  affected  to 
the  loss  increase  at  low  temperature  were  also  noted  in 
the  present  study.  The  novel  results  cbtaind  were 
available  for  manufacturing  loss  stabi luted  cables  within 
a  temperature  range  of  -10  to  i80*C. 
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tl>  IV  Resins 

Three  soft  IV  resins  for  primary  ruling,  nallrd 
soft-A,  B  and  r,  and  a  bard  IV  resin  for  secondary 
ruling,  called  h»rd*a  were  investigated.  Those  resin 
fully  satisfied  the  requirements  specified  in  Table  I.  All 
the  resins  were  IV  curable  urethane  acrylates  widely 
applied  to  optical  fibers.  Young's  moduli  and  thermal 
expansion  coefficlenls  of  the  IV  resins  in  film  furm  were 
shown  if.  Table  2. 


Fable  2  Properties  of  Df  iesins 
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W)  In'S  Incites.'  il.’KipJ-'ilD'  »*r»  ictjyryU'irc 

The  siogle-aodt*  fibers  with  cladding  dlaarlrr  of  175/im 
and  node  field  dual  ter  of  3//m  were  used  for  th*»  study, 
whleh  were  dual-coaled  with  soft  and  lard  IV  resins.  The 
outside  duacter  of  prlaary  and  secondary  layer  were 
200// m  and  250 //m.  respectively.  The  arasureaenls  for 
loss  Increase  In  coated  fibers  ahd  rabies  were  carried  out 
at  a  wavelength  of  1.55// m  in  leaprralnrp  range  of  -go  to 
♦ttQ’C  and  -10  to  *80*0,  respectively. 

(3)  Thrrnal  expansion  behaviors  in  IV  resins 

A  single  layer  nf  IV  resins  were  coated  over  optical 
filters  tu  an  outside  diaaeter  of  TOO// in  as  shown  In 
lig.l,  and  reaoved  iroa  the  filters  to  study  the  Infliienu 
nf  drawing  on  thoraal  expansion  behavior. 

The  theraal  expansion  was  rharaclcrucd  whh  the 
noastirencnl  of  change  of  the  saaple  site  in  both  axial  ami 
radial  directions  within  leaperalurc  range  of  -ED  to 
♦BOV,  mi  ring  Ihc  tests  tensile  or  coapresslou  force  of 
I  gf  was  always  applied  for  axial  or  radial  direction 
In  the  saaplcs,  respectively. 


I'lg.  I  Tube  sanplc 

ursiiis 

(')  I  jss  increase  dependency  on  leaperalurc 

hg.2  shows  loss  increase  dependency  on  leaperoture  In 
optical  fibers  dual  coaled  with  soft-A,  B,  or  C  resin  as 
prlaary  and  hard-a  resin  as  secondary.  The  optical  fiber 
dual  coated  with  soft-C  resin  as  prlaary  and  hard-a  resin 
as  secondary  showed  no  loss  Increase  In  the  range  of  -GO 
to  IBOV.  In  the  contrast  the  significant  loss  Increases 
were  found  In  the  optical  fibers  dual  coated  villi  soft-A 
or  B  resin  as  prlaary  and  hard-a  resin  as  secondary. 

The  ainiaua  force  which  grncrated  the  buckling  In  glass 
parts  was  given  by  the  following  equation-  . 

F.aln  =  J  E-l'tp"  . (1) 


Micro 

Us  Young'*  nodules  of  secondary  coating. 

Ss  cross  section  area  of  secondary  coating, 

(i st f)  linear  expansion  coof.  of  secondary  coating. 

1 1 >  lines,'  expansion  reef,  of  silica  glass. 

The  calculation  results  arc  shown  In  Table  3.  Since  (he 
shrinking  force  in  hard  IV  resin  was  aurh  saallcr  than 
the  ainiaua  force  generating  the  buckling  in  glass  parts 
at  -MV,  loss  increases  at  the  low  uapcraiure  were 
estiaaled  not  in  occur  by  the  aodel.  As  shown  in  Flg.2, 
however,  loss  Inrreases  at  low  teaperatnre  were  observed 
in  the  optical  fibers  dual  coated  with  roft-A  or  B  rcstn 
ns  prlaary  and  hard-a  resin  as  greondary.  Therefore,  the 
following  studies  were  carried  out  to  clarify  the 
aechanisa  of  loss  increase  dependency  on  temperature. 


Fig.  2  Temperature  dependence  of  250/rm  fibers 


Table  3  Calculated  tallies  of  ft  in  and  shiriaUcj  force  at  *19*0 


sort  uv 
ruin 

Critical  >iU  1  forct 
lor  back  1  lac  (Tain) 

Shrlnklns  (area  nf 
hard  IV  rriln 

A 

I.J  X 

».S  X 

1 

XI. C  X 

s.s  X 

C 

IS.  1  X 

O.S  X 

Where 

H  Young’s  aodulus  of  silica  glass  (s  71. G  GPa), 

I  geonctrical  aonent  of  Inertia  for  the  fiber 
(SP*- Jt/G‘i,  0: 125// m), 

Kp  Young’s  aodulus  of  prlaary  coating. 

The  shrinking  force  In  secondary  coating  at  teaperature 
range  of  r20  In  -GO’C  was  expressed  as  follows. 

F  =  fs-Ss-(  ors(T)dT-  «(T)dT)  . (2) 
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The  photocraph  taken  at  -40*C  "In  sluf  In  the  duel 
cm  ted  fibers  U  shown  In  Fig. 3.  The  gap  between  the  glass 
parts  and  prlaary  layers  was  found  to  be  [.resent  In  the 
optical  fibers  dual  coated  with  sof t->  or  R  resin  as 
prlaary  and  hard-a  resin  as  secondary  which  showed 
rewritable  loss  increases  at  low  tetperaturc.  htiile  there 
was  no  gap  In  the  optical  fiber  with  sofl-C  resin  as 
prlaary  which  showed  no  loss  Increase  at  the  low 
teaperaiurc. 


Fig. 3  Photograph  of  the  fiber  coaled  with  sofl-A  and 
hard-B  at  -40*C 


QJJLkcHUxMfliJ  wJ*hiv  iocs  Jn.l’V  _ret  inj 


Figs. 4,  5  and  6  show  the  theraal  expansion  blhavlors  of 
soft-A,  B  and  C  resin,  respectively.  The  rcaarkable 
difference  In  theraal  expansion  behavior  was  found  aaong 
three  soft  UV  resins.  Soft-A  resin  kept  axially  the  sate 
size  froa  -60  to  «80'C,  but  In  the  radial  direction  the 
significant  change  of  dlaaelcr  occured  in  the  temperature 
range  as  shown  In  Fig. 4.  The  difference  of  size  change 
percent  between  axil  and  radial  direction  In  the  tube 
saaples  aade  froa  soft-B  resin  was  saallcr  than  that  In 
the  sofl-A  lube  saaples  as  shown  In  Fig. 5.  Additionally 
the  size  change  percent  In  both  direction  in  the 
'.eaperaturc  range  was  alaost  saae  in  the  tube  saaples  aade 
froa  sof t-C  resin  as  shown  in  Fig. 6.  Also  the  size  change 
In  tube  saaples  aade  froa  hard-a  was  Investigated.  As 
shown  in  Fig. 7,  the  theraal  expansion  behavior  In  both 
direction  were  alaost  saae. 
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Fig.4  Thermal  expansion  behavior  of  soft-A 


Temperature  (*C) 


Fig.  6  Thermal  expansion  behavior  of  soft-C 
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USOiSSMS 

H  mi  aade  clear  that  sow  soft  11V  rtsln*  showed 
differcrnt  thcraal  expansion  characteristics  In  axial  and 
radial  direction  after  the  drawing.  This  suggested  that 
the  ooiccule  orientation  whlc'i  caused  the  anisotropy  was 
produced  In  the  UV  resins  after  the  draw  in*. 

Cased  on  these  results,  we  calculated  the  change  of 
priaary  inside  dlaaetcr  with  tcapcralure  in  dual-coated 
fibers  to  clarify  the  oechanisa  of  loss  lncr:-ase  at  low 
teoperature,‘ .  The  cross  section  of  duu-coated  layers  in 
the  optical  fiber  Is  shown  in  Flg.B.  The  priaary  inside 
dlaaetcr  would  be  increased  at  low  teoperature  for  the 
shrinkage  in  radial  direction,  which  could  cau^c  the  gap 
between  the  Kiass  part  and  the  priaary  layer. 


Fig.  8  Cross  section  of  250 /fm  fiber 

The  voluee  of  priaary  layer  V,(T)  is  given  by  Kq.(3), 
in  which  the  theraal  expansion  characteristics  to  radial 
direction  in  the  priaary  layer  was  assuaed  to  be  identical 
with  those  to  radial  direction  In  the  secondary  layer 
because  the  secondary  layer  could  play  a  role  as  "wall" 
against  the  size  change. 

»sCT)«f<0».-(l«l»,.)*-0,.CT)OL(l*/r*)  ••  -C3) 

hhere 

D,  priaary  coating  outside  dlaaetcr  at  ZO’C, 

Pi  priaary  coating  Inside  dlaaetcr  at  ZO’C  (=  lZ5^m), 
0i  (T)  priaary  coating  Inside  dlaaetcr  at  T’C, 

/?..  size  change  ratio  In  radial  direction  of 
secondary  coating  C  *  ( 1  «,.(T)dT), 
tr»(T)  linear  expansion  cocf.  in  radial  direction  of  sec 
ondary  coating, 

Di  (T)  priaary  coaling  Inside  dlaaetcr  at  T’C, 
fi>  size  change  ratio  In  axial  direction  of  silica 
fiber  (  =  I'  or.COdT). 

a.(T)  linear  expansion  coef.  in  axial  direction  of 
silica  fiber. 

On  the  other  hand,  the  voluac  V,(T)  In  lube  saaplc  as 
shown  in  Fig.  1  Is  given  by  K'q.(l) 

V, (T)  =  $<D,.-D,  *)(!♦/»..  )U.*fin)  . (4) 


a..(T)  linear  expansion  coef.  in  radial  direction  of 
priaary  coating  at  T’C, 

fin  size  change  ratio  In  axial  direction  of  secondary 

coalln<(*  dT), 

a».CT)  linear  expansion  cocf.  In  axial  direction  of 
priaary  coating  at  T’C, 
t.  length. 

By  combining  Kq. (3)  and  (4),  the  priaary  coaling  luslde 
dlaaetcr  0,  (T)  is  given  by  Eq.(5),  In  which  too  saall  fi< 
was  neglected. 

o,  (t> */ d;;vu ♦  a~) !-wT”-vr-7nTfi', ttt ttjttt -*<s) 

Fig. 9  shows  the  calculated  results  for  the  fibers 
dual-coated  with  the  prlwry  coaling  of  soft-A,  I  or  C 
resin  and  the  secondary  coating  of  hard-a  resin.  In  the 
figure  the  Inside  diaaeters  for  the  fibers  with  soft-A  or 
B  were  increased  at  low  tcapcralure.  This  acans  that  the 
force  to  grip  the  fibers  was  weakened  between  the  glass 
part  and  priaary  layer.  On  the  other  hand,  the  inside 
dlaaetcr  for  sofl-C  resin  shows  no  change  with  decreasing 
tcapcralure.  The  calculation  results  could  acount  for  the 
gap  between  the  glass  part  and  priaary  layer  as  shown  In 
Fig. 3.  Since  the  aicrobending  loss  at  the  low  teoperature 
range  probably  result  froo  the  gap  or  weakened  gripping 
force  in  the  Interface,  It  was  aost  laportanl  to  keep  a 
certain  level  of  the  gripping  force  of  priaary  coating  In 
the  radial  direction  for  loss  stabilization  at  the  low 
tcapcralure.  By  converting  Eq.(5)  under  a  condition  of 
D«-(T)  £  ,  we  can  obtain  the  following  Kq.(S),  that 

shows  the  rcqulrcoent  not  to  cause  the  gap  between  glass 
part  and  priaary  layer  for  the  coating  Materials  in 
drawing  process. 

"MW**  *  . (s) 


whe«‘c  Fig.  9  Culculated  inside  diameter  changes 

/?,.  size  change  ratio  in  radial  direction  of  priaary  0f  primary  coatings 

coating(=  f 1  a,.(T)  dr), 

Jit 
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A  100-fiber  c*ble  *i  shown  In  Fig. 10  mis  maiwfacclured, 
In  which  soft-C  as  a  primary  layer  and  hard-a  as  a 
secondary  layer  were  employed  for  the  optical  fibers. 

Fig. II  shows  the  loss  Increase  dependency  on  tenperature 
In  the  cable.  Loss  increases  of  the  cable  at  the 
wavelength  of  1.55// m  were  less  than  0.05d6/k«  In  range 
of  -40  to  *80*C. 
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Fig.  IQ  Cross  section  of  100-fiber  cable 


Fig.  11  Temperature  dependence  of  the 
100-fiber  cable 

IMLim'iS 

Thernal  expansion  behaviors  of  UV  resins  for  optical 
fibers  were  studied  theoretically  and  experimentally  to 
stabilize  the  transmission  loss  at  low  temperature.  It  was 
found  that  some  UV  resins  showed  anisotropy  after  coating 
in  drawing  process.  The  anisotropy  was  pointed  to  cause 
loss  Increase  at  low  temperature  by  lowering  the  gripping 
force  of  coalings  In  radial  direction.  Based  on  the 
results,  suitable  requirements  for  the  coatings  were 
derived  theoretically.  With  the  selected  UV  resins  loss 
variation  In  cables  was  achieved  less  than  0.05dB/ka  at 
1.55// m  In  temperature  range  of  -40  to  ♦80'C. 
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ABSTRACT 

Hydrogen  contamination  *L  optical 
fibar  cauaaa  increased  transmission  loaa 
dim  to  enhanced  Ha  and/or  -OH  absorp¬ 
tion*  Hydrogen  avolution  from  degrada- 
tion  of  cabla  materials  haa  baan  inten- 
aivaly  atudiad  to  avaluatad  optical 
fibar  raliability  in  tha  racant  yaara. 
In  moat  studiaa  cable  tasting  samplaa 
wars  tharmally  agud  in  aaalad  glass 
tubas  or  haadspaca  vials  at  diffarent 
tamparatures.  Tha  hydrogen  concentra- 
tiona  ganaratad  were  samp lad  from  thosa 
aaalad  glaaa  containars  with  syringa  and 
analyxad  by  GC.  Tha  ascapa  of  hydrogen 
during  aging  and  sampling  wara  obaarvad. 

In  this  papar  a  naw  procedure  ia  es¬ 
tablished  to  evaluate  hydrogan  avolution 
from  thermal  degradation  of  optical 
cabla  materials.  A  supported  Pd/AlaOa 
catalyst  is  selected  as  hydrogan  absorb¬ 
ent  for  its  high  efficiency  of  adsorbing 
and  absorbing  Ha  to  Pd  atom  surface  and 
bulk. Tha  uptake  hydrogan  can  be  desorbed 
completely  at  about  400"  C  and  detected 
by  GC  with  TCD  directly. 

Diffarent  optical  cable  samples  and 
cabla  components  such  as  fibar  coating 
materials. water-proof  filling  compounds, 
jacket,  sheath,  central  member,  etc.  are 
evaluated  with  this  new  procedure  and 
headspace  vials  method  for  comparison. 
By  the  new  procedure,  the  collected 
hydrogen  contents  for  same  samples  are 
about  1.4  times  compared  with  those  from 
the  latter  method,  it  is  also  found  that 
the  major  sources  of  hydrogen  evolution 
of  optical  fiber  cables  used  in  Taiwan 
are  water-proof  filling  compounds  and 
fiber  coating  materials. 


INTRODUCTION 

Hydrogen  related  loss  increase  of  op¬ 
tical  fiber  cables  has  been  found  and 
studied  for  quiet  a  few  years (1,2, 3, 4, 3, 
,61.  The  hydrogen  concentration  in  the 
cable  can  be  determined  by  the  evolution 
from  organic  cable  materials  and  the 
permeation  through  the  cable  sheath.  It 
is  important  to  measure  the  hydrogen 
evolution  for  cable  suterials  selection. 

There  are  many  studies  about  hydrogen 
analytical  methods  13,4,5,7,1.  Generally 
speaking,  test  samples  were  put  in 
either  sealed  glass  tubes  or  headspace 
vials  and  aged  at  different  tempera¬ 
tures;  the  hydrogen  concentration  gen¬ 
erated  was  analyzed  by  gas  chromatog¬ 
raphy.  But  the  above  analytical  methods 
have  some  drawbacks,  such  as  the  escape 
of  hydrogen  from  the  septum-sealed 
headspace  vials  during  aging  process  and 
the  difficulty  of  withdrawing  sample 
volume  via  syring  from  the  sealed  glass 
tube. 

In  this  paper,  a  new  procedure  using 
Pd/AlaOa  catalyst  ns  hydrogen  absorbent 
to  measure  hydrogen  evolution  from  opti¬ 
cal  cable  samples  during  thermal  aging 
process  is  established. 

EXPERIMENTAL 

Catalyst  Preparation 

The  catalyst  was  prepared  by  the  anion 
exchange  method; 8] ,PdCl*"a  anions  from 
PdCla-HCl  were  exchange^  with  OH-  groups 
on  alumina  in  acidic  aqueous  solution 
(pH  *  2  i  0.2).  The  sample  was  sub¬ 
sequently  dried  at  110°c  and  calcined  at 
400°C. 
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Tsst  Equipment 

Figure  1  is  a  schmatic  diagram  of  the 
apparatus  used  for  the  hydrogen  evolu¬ 
tion  measurement  of  optical  fiber  cable 
materials.  A  pure  argon  flow  was 
passed  through  the  quartz  reactors. 

Hydrogen  evolved  by  optical  fiber 
samples  was  sorbed  by  the  precalcined 
Pd/Al.O,  catalyst  and  the  subsequently 
dcrorbed  hydrogen  was  monitored  by  a 
thermal  conductivity  detector.  The  tem¬ 
perature  of  the  reactor  was  controlled 
by  a  Eurotherm  127  temperature  program¬ 


mer. 


A:  Pressure  Gauge 
B:  Needle  Valve 
C:  Flow  Meter 
D:  Mixing  Chamber 
E:  T.C.D. 

F:  Injector 
G:  Furance 

H:  Quartz  RsactortContain  Sample) 

I:  Quartz  Reactor (Contain  SiOa) 

J:  Temperature  Controller 
K:  Recorder 

L:  Quartz  Reactor (Contain  Pd/AlaOa) 

Figure  1  :  Schematic  diagram  of  the 

hydrogen  adsorption  system. 

Test  Procedure 

The  precalcined  Pd/Ala0a  catalyst  and 
optical  cable  sample  were  inserted  into 
the  two  quartz  tube  reactors  respec¬ 
tively.  A  stream  of  10%  Ha/Ar  gas  mix¬ 
ture  at  1  atm  was  regulated  by  a  needle 
valve  •  The  temperature  of  the  reactor 
was  raised  to  120°C  by  a  temperature 
controller  and  kept  for  1  hour  to  reduce 
the  Pd/AlaOa  catalyst.  After  the  reduc¬ 
tion  process, the  temperature  was  raised 
to  400°C  and  kept  for  1  hour  to  desorb 
the  hydrogen  in  the  catalyst  surface  and 


bulk.  By  means  of  the  above  process, we 
could  get  a  metal  state  of  Pd/AlaOa 
catalyst.  After  catalyst  pretreatment 
the  catalyst  reactor  was  cooled  down  to 
room  temperature, the  stream  of  gas  was 
convert  into  pure  argon  and  passed 
through  both  optical  cable  fiber  reactor 
and  catalyst  reactor, then  optical  fiber 
cable  aging  process  wvs  performed.  The 
hydrogen  evolved  in  aging  process  were 
absorbed  by  the  Pd/AlaOa  catalyst.  When 
the  degradation  test  came  to  an  end,  we 
raised  the  catalyst  reactor  temperature 
to  400  C  at  a  rate  of  10°c/min.  The  time 
profiles  of  the  Ha  desorptions  frost  the 
Pd/AlaOa  catalyst  and  the  temperature  of 
the  reactor  were  measured  simultaneously 
by  a  TCD-GC  and  a  thermocouple,  respec¬ 
tively. 

Sample 

Different  optical  cable  samples  and 
cable  components  such  as  fiber  coating 
materia Is, water-proof  filling  com¬ 
ponents,  jacket,  sheath, central  member, 
ect.  are  evaluated  with  above  method. 
All  the  cable  components  tested  are 
listed  in  table  1. 


Tablt  1  :  Cable  Ceapoaeats  Analyzed 


for 

Sarnie 

liOeneration 

DIscr Iption 

Cable  A 

Jelly-Filled  Cable 

Cable  I 

Preaesrized-Cable 

Cable  C 

Jelly-Filled  Cable 

Si  1  (cone 

Costing  Material 

Deaol its 

Coating  Materiel 

Acrylate 

Coatiaa  Mstorial 

Nyiar 

Wrapper  Natorial 

Kevlar 

Wrapper  Material 

Poly  iaobsteneA 

FI  1 1  laa  Cosposad 

Thixotropic  A* 

FI  1 1  iaa  Coaposad 

Thixotropic  1? 

Fi  1 1  iaa  Coaposad 

Thixotropic  (T 

Filliaa  Coaposad 

NOPE 

Tsbe  aad  Shoath  Material 

LDPE 

Tsbe  aad  Sheath  Material 

Nylon 

Tsbe  aad  Sheath  Material 

Fiber  A 

S.N.  Fiber 

Fiber  B 

M.M.  Fiber 

Fiber  C 

S.N.  Fiber 

*:aaJor  eoapoeition:  nlneral  oll.SiOa 

poly isobutene 

Omajor  eoapoeition:  polyaethyl  siloxane 

SiO, 

▲inejor  eospositlon:  sineral  oil, SiO, 
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■MOLTS  AMO  DXSCOMIOM 

Amoving  the  cowon  catalytic  wt- 
als, palladium  unique  in  its  ability 
to  dissolve  hydrogen  atom  to  Con*  pal- 
ladiusi  hydrides.  Yaw  be  et  *1.19)  had 
investigated  the  desorption  of  hydrogen 
sorbed  by  palladium  supported  on  silica- 
alumina  between  273#K  and  308*K.  They 
concluded  that  hydrogen  is  sorbed  by 
palladium  in  three  states'  i.e  weakly 
adsorbed  Na  absorbed  H  and  strong  ad¬ 
sorbed  N.  Their  results  show  that  the 
absorbed  N  and  the  weakly  chemisorbed  H 
can  be  removed  by  outgassing  for  1  hour 
at  293°K, after  which  only  the  strongly 
chemisorbed  N  remained  on  the  surface. 
Boudart  et  al.(10)  had  investigated  the 
hydrogen  sorbed  by  supported  palladium 
catalyst.  They  pointed  out  that  at  303°K 
and  the  hydrogen  pressure  below  1? 
torr, hydrogen  atoms  can  be  strongly 
chemisorbed  on  palladium  surface  not  ab¬ 
sorbed  into  palladium  crystallites. 

from  the  above  discussion  and  the  fact 
that  the  hydrogen  pressure  which  evolved 
from  optical  fiber  cable  was  far  bellow 
17  torr, we  could  recognise  that  in  our 
case, the  hydrogen  atom  was  strongly 
chemisorbed  in  palladium  atom  surface 
and  wan  not  flushed  away  by  argon  gas 
stream.  In  all  the  experiment  proce¬ 
dure, we  had  detected  the  gas  composition 
of  argon  gas  stream  by  TCD  and  recorder 
and  did  not  find  any  hydrogen  gas.  Thin 
also  confirmed  our  recognisation. 

figure  2  is  the  variation  of  hydrogen 
desorption  over  a  Pd/Al*oa  catalyst  ver¬ 
sus  reactor  temperature.  The  temperature 
was  kept  at  room  temperature  for  a 
period  of  time  then  raised  to  409°C  at  a 
rate  of  10®C/min.  At  room  cempera- 
ture.the  hydrogen  did  not  desorb  and 
near  325°C,the  adsorbed  hydrogen  could 
desorbed  completely. 

The  following  equation  was  assumed  to 
happen  at  this  stage. 

Pd,f,H  - ►  Pd«#,  ♦  1/2  H, 

In  this  reaction  (s)  represents 
species  on  the  surface. 

The  desorbed  hydrogen  volume  was 
calibrated  by  injecting  a  known  amount 
of  hydrogen  gas  into  TCD-GC  with  a 
Hamilton  gastight  syring  and  data  were 
analyzed  with  multiple  reqression 
method.  The  relation  between  the 


hydrogen  volume(ul)  and  the  hydrogen 
desorption  peak  area  integrated  could  be 
expressed  with  the  following  equation 
and  the  coefficient  of  determination  was 
0.983. 


H>  Volume  full  ■  8.89  ♦  8.88  •  10-»  area 
integrated 


Table  2  shows  the  comparison  of  the 
results  of  hydrogen  evolution  from  fiber 
coating  material  by  different  methods. 
The  evolved  hydrogen  slowly  escaped  from 
either  septum-sealed  headspace  vial  or 
glass  tube  containers, while  palladium 
had  a  strong  ability  to  uptake 
hydrogen. Consistently  the  experimental 
d*ta  showed  that  the  collected  hydrogen 
amount  with  palladium  catalyst  method 
are  about  1.4  and  3.3  timer  compared 
with  headspace  vials  and  glass  tube  sets 
methods  respectively. 

Table  3  lists  the  amount(ul/g)  of 
hydrogen  evolved  from  organic  cable 
materials  after  aging  at  100°c  for  360 
hours.  The  major  sources  of  hydrogen 
evolution  from  optical  fiber  cable  used 
in  Taiwan  are  water-proof  filling  com¬ 
pounds  and  fiber  coating  materials. 
After  aging  both  the  water-proof  filling 
compounds  and  coating  materials  dis¬ 
colored  from  colorless  to  pale  yellow  or 
yellowish  brown. The  origin  of  the  evolu¬ 
tion  of  hydrogen  was  presumed  to  be 
through  thermo-oxidative  scission 
mechanism! 7 , 11, 12 1 .  The  evolution  of 
hydrogen  can  be  inhibited  by  addition  of 
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TEMPERATURE  (  C) 


sulfur-containing  or  phenolic 
antioxidant! 12 1 . 


Tab  It  2<  Cesparlsea  of  Malvelatiea  free  Coatlac  Malarial  by  Different  Methods 


Rt  Called  Marked 

Class  Tabs  Sets 

Catalyst  Adsorption  lathed 

lt  Aasaat(sl/i) 

243*1 

104*10 

340*8 

Takla  3  >  Aaesat(«l/s)  o'  'raita  evolved  by  ariaalc  cakla 
aatarlala  aft  *  «'*,ss  310  beers 


Cr 

1 

fiber  Coatlst 

Vrapper 

Mivr  III! 

Cable 

SI  1  lease 

Oesel Ite 

Aery  late 

Mylar 

Kevlar 

Rydreaes 

Ivelat(ea(*l/s) 

Ik 

t 

340 

I 

30 

15 

34 

Materials 

Vater-Freef  fill  las  Ceapesads 

Fely laobsteae 

Tblxetrepie  A 

Tblxetrepie  1 

Tblxetrepie  C 

Mydrecea 
Kvelatlea (sl/s) 

120 

420 

311 

21 

Neterlals 

Take  aad  Sheatb  Materials 

Fiber 

M0FI 

L0FK 

Mylea 

Fiber  A 

Fiber  0 

Fiber  C 

Mydresea 
Kvolstlea (el/s) 

1.3 

m 

0« 

54 

23 

3.1 

CONCLUSION 

1.  A  no*#  procedure  using  Pd/Al,Oa  aa 
hydrogen  absorbent  to  measure  the 
the  hydrogen  evolution  froai  optical 
fiber  cable  is  eatabliahed. 

2.  Our  results  sho*#  that  the  collected 
hydrogen  contents  froai  the  new  pro¬ 
cedure  for  same  saiaples  are  about 
1.4  and  3.3  timea  compared  *#ith 
headspace  vials  and  glass  tube  sets 
methods  respectively. 

3*  The  phenomenon  of  hydrogen  evolu¬ 
tion  froai  organic  compounds  which 
used  in  cables  depend  upon  their 
chemical  structure  and  had  a  great 
difference.  With  this  procedure  the 
polyisobutene,  polymethyl  siloxane, 
silicone  and  acrylate  coating  aMte- 
«rials  ,  nylon  ,  kevlar  wrapper, are 
found  as  major  contributors  to  Ha 
evolution. 
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HIGHLY  ACCURATE  BACKSCATTER  HEASUREHEKT  IK  THE  QUALITY  CONTROL  OF  THE 
CABLING  OF  SINGLE  NODE  FIBERS 

Relnhard  Glrblg,  Michael  Hoffart 


AEG  KABEL  AG  Mbnchengl adbach 
Federal  Republic  of  Germany 


ABSTRACT 

Techniques  are  developed  to  measure  fiber 
attenuation  with  an  accuracy  of  better  than 
0.005  dB/km  (2o)  using  a  standard  OTOR.  To  get 
this  high  accuracy  special  characteristics  of 
the  OTDR  such  as  variability  of  laser  diodes. 
Fresnel  reflections,  dead  zones,  signal 
averaging  and  linearity  have  to  be  taken  into 
account.  Computerized  techniques  to  avoid  them 
negatively  influencing  accuracy  are  shown.  To 
calculate  attenuation  coefficients  with  the 
highly  accurate  OTOR  method  a  special  regression 
analysis  was  developed.  The  accuracy  of 
attenuation  has  been  verified  with  measurements 
on  a  calibration  cable  of  a  loose  tube 
construction.  This  cable  was  calibrated  with 
cut-back  measurement  to  an  accuracy  of  0.003 
dB/km  (20  ).  Results  from  production  OTOR 
measurements  compared  to  those  from  reference 
cut  back  method  show  the  high  accuracy  of  the 
developed  OTDR  techniques. 


1.  INTRODUCTION 

Today  OTDR  measurements  are  standardly  used  to 
determine  the  optical  length,  the  position  and 
the  magnitude  of  point  defects,  and  splice 
losses  for  optical  fiber  whether  cabled  or  not 
cabled  /I/.  Precise  attenuation  measurements  are 
performed  with  the  cut  back  method.  This  method 
is  not  readily  applicable  to  cabled  fiber  and  by 
definition  requires  a  cutting  of  the  fiber. 
Neumann  showed  theoretically  In  1980  that  it  was 
possible  to  measure  the  attenuation  of  single 
mode  fibers  with  OTDR  111.  Nowadays  OTDR's  are 
In  principle  available  to  measure  low  loss 
single  mode  fibers  with  a  high  degree  of 
accuracy.  As  many  instrument  effects  must  be 
taken  Into  account,  a  manual  implementation  of 
the  quality  control  of  the  cabling  of  single 
mode  fibers  with  OTDR  is  difficult  to  perform. 
Thus  the  OTOR  measurements  must  be  computerized 
in  order  to  optimize  the  conditions  necessary 
for  precise  measurements.  In  this  contribution 
the  conditions  for  such  an  optimised  operation 
are  presented. 


2.  OTDR  CHARACTERISTICS 

The  measuring  equipment  used  in  this  study  is  a 
commercially  available  OTDR  switchable  between 
I310nm  and  I550nm.  For  best  results  with  respect 
to  signal-to-noise  ratio,  output  pulse  power  and 
fiber  length,  a  pulse  width  of  ips  Is  used.  All 
measurements  are  done  under  computer  control  to 
get  a  high  level  of  accuracy  and  repeatability. 

In  the  following  subsections  the  techniques 
necessary  to  make  an  accurate  OTDR  attenuation 
measurement  are  discussed.  The  discussion  is 
organized  about  the  typical  characteristics  of 
an  OTDR  measurement  which  must  be  well 
controlled. 


2.1.  DEAD  ZONE 

Due  to  the  Fresnel  reflections  at  the  optical 
output  port  of  the  OTOR  there  Is  a  region  at  the 
beginning  of  the  backscatter  trace  which  does 
not  show  the  true  backscatter  level  of  the 
fiber.  This  region  Is  called  the  dead  zone  and 
its  length  depends  on  the  pulse  width  and  pulse 
power  of  each  laser  diode  and  on  the  reflection 
at  the  connectors  both  within  and  without  the 
OTOR.  For  a  pulse  width  of  Ips  the  expected  dead 
zone  is  100m.  In  reality  a  dead  zone  length  of 
about  500m  to  600m  Is  observed.  The  reason  for 
this  disagreement  is  disturbances  within  the 
optical  receiver  which  lead  to  oscillation  of 
the  backscatter  trace.  Thus  In  order  to  minimize 
the  length  of  the  dead  zone  In  the  test  fiber  It 
Is  necessary  to  use  a  single  mode  fiber  of  about 
1000m  length  as  a  launching  fiber. 

The  test  fiber  Is  coupled  to  the  launching  fiber 
by  using  a  single-mode  fiber-to-flber  coupler. 
To  suppress  additional  Fresnel  reflections  an 
index  matching  oil  is  used.  The  coupling 
procedure  is  controlled  by  hand  and  monitored  on 
the  OTDR  screen.  To  simplify  coupler 
manipulation  and  to  obtain  low  coupling  losses, 
the  launching  fiber  should  have  a  greater  mode 
field  diameter  than  the  test  fiber.  That  is,  for 
example,  with  the  coupling  of  a  lOum  mode  field 
launching  fiber  to  a  9um  mode  field  test  fiber 
one  gains  0.4dB  in  capacity  in  principle  /3/. 
Thus  in  practice  coupling  loss  is  reduced.  Now 
with  the  use  of  a  launching  fiber,  the  dead  zone 
of  a  test  fiber  is  reduced  greatly  to  only  that 
which  in  a  result  of  a  small  reflection  at  the 
coupler  (nun  optimal  index  matching).  For  the 
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Methodology  reported  here  the  typical  reflection 
is  O.idl. 


lM|th  W 


Figure  1:  Deed  tones 

Careful  examination  of  many  backscatter  traces 
shows  that  the  difference  between  the  falling 
edge  of  the  reflection  and  the  linear  regression 
curve  of  the  backscatter  trace  of  a  test  fiber 
Is  1.5  dB  for  a  dead  zone  of  150m  at  I310nm  of 
180m  at  1550nm  (Fig.  2). 


LtneUi  («} 


Figure  2:  Dead  zone  and  height  of  reflection  at 
the  fiber  link 

With  the  computerized  methodology  reported  here 
if  a  1.5dB  value  is  observed  the  measurement  is 
automatically  stopped. 


2.2.  FRESNEL  REFLECTION 

High  Fresnel  reflections  at  all  connections  and 
at  the  fiber  far  end  will  cause  disturbances 
within  the  optical  receiver  In  the  OTDR  which 
lead  to  incorrect  attenuation  values.  Fresnel 
reflections  which  saturate  the  receiver  must  be 
suppressed  by  means  of  a  small  fiber  loop.  Index 
matching  or  an  optical  masking  of  the  far  end. 
In  our  study  a  small  fiber  loop  is  used  with  all 
measurements. 


A  comparison  of  measurements  with  and  without 
Fresnel  reflections  at  the  fiber  far  end  shows  a 
typical  attenuation  value  O.OtdB  lower  with 
reflection  than  that  without  reflection. 

2.3.  WAVELENGTH  CHARACTERISTICS 
The  wavelength  of  the  laser  diodes  inside  the 
OTDR  differ  from  the  nominal  values  of  UlOnm 
and  ISSOnm.  To  compare  attenuation  measurements 
between  different  OTOR's  or  to  cut  back 
measurements,  the  center  wavelengths  and 
bandwidths  of  the  laser  diodes  have  to  be  known. 
Therefore  the  spectra  of  the  OTDR’s  laser  diodes 
are  recorded  by  means  of  an  optical  spectrum 
analyzer. 

Knowing  the  center  wavelength,  the  attenuation 
coefficients  at  J3l0nm  and  ISSOnm  are  calculated 
by  using  the  Rayleigh  scattering  loss  formula: 

as  ■  (0.751  4  37.1  *An+)/X4  (1) 

The  values  of  the  coefficients  in  equation  (1) 
are  correct  for  Internally  produced  fibers. 
These  values  depend  on  fiber  design  and  could  be 
different  for  fiber  from  a  different 
manufacturer. 


Variations  by  power  mode  partition  of  the 
spectral  distribution  of  the  emitted  light's 
power  causes  an  additional  error  in  the 
attenuation  measurement.  Although  the  variation 
of  the  spectral  distribution  In  power  1$  not 
known,  it  is  possible  to  make  a  rough  estimation 
of  the  Influence  In  terms  of  the  bandwidth  of 
the  laser  diodes. 

Using  equation  (1)  the  variation  In  attenuation 
Is 


Aas 


,  0.751  4  37.1  *An+  * 

‘ - v - 


(2) 


wlthAa  s  in  dB/km  andAX  in  pm. 


2.4.  LENGTH  ACCURACY 

In  order  to  accurately  measure  fiber  length  with 
an  OTDR  it  is  necessary  to  know  the  group  index 
of  refraction  of  the  group  of  test  fibers.  As  It 
is  very  difficult  to  measure  the  group  Index 
directly,  a  high  precision  mechanical  length 
measurement  of  a  single  fiber  is  used  to 
determine  the  group  Index  of  refraction  for  all 
the  fibers  by  changing  the  index  of  refraction 
on  the  OTDR  until  the  shown  length  corresponds 
with  the  measured  mechanical  length. 

For  internally  produced  fibers  the  group  index 
at  1310nm  is  1.4694  and  at  1550nm  is  i .4699. 
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The  length  accuracy  of  the  OTOft  used  In  this 
study  st  the  highest  possible  resolution  setting 
Is  ♦  1*. 

2.5.  A  VERMINS 

For  highly  accurete  sttenustlon  measurements, 
the  averaging  tin  of  the  OTOft  his  to  be 
optimized.  The  best  wsy  of  optimization  is  to 
control  the  avenging  tiae  by  checking  the 
slgnal-to-ooise-ratlo  of  the  bickscsiter  trice 
it  the  fiber  fir  end.  The  avenging  process  cm 
be  stopped  then  there  is  no  significant  change 
in  the  signal -to-nolse-ratlo. 

VI th  the  type  of  OTOft  used  for  this  study,  this 
procedure  is  not  recommended  as  when  data  are 
read  out,  the  avenging  process  is  interrupted. 
Therefore  a  aethod  in  which  the  avenging  tlaes 
are  scaled  to  the  total  attenuation  at  the  far 
end  of  the  test  fiber  is  used. 

The  averaging  process  within  the  OTOft  used  in 
the  study  is  a  coablnation  of  arithaeticai  and 
exponential  averaging.  Because  of  the  fact  that 
exponential  averaging  will  not  converge,  the 
avenging  tiae  should  not  be  allowed  to  exceed 
20s.  Otherwise  it  is  possible  that  incorrect 
attenuation  values  are  observed.  This  is  true 
for  a  dynamic  range  limitation  of  up  to  5dB 
Including  the  launching  fiber. 

In  the  optimised  measuring  computer  program 
avenging  times  of  10s  and  15s,  respectively, 
for  a  total  attenuation  at  the  fiber  far  end  of 
3dB  and  5dB  are  used. 

The  results  to  be  discussed  later  In  this  paper 
show  that  these  times  are  sufficient  for  highly 
accurate  attenuation  measurements. 

2.5.  LINEARITY 

The  backscattered  light  level  varies  with  pulse 
width,  pulse  energy  and  fiber  characteristics. 
In  order  to  handle  a  large  variation  in  back- 
scattered  light  level,  an  electronic  attenuator 
with  a  range  of  possible  settings  is  included  in 
commercially  available  OTOR's. 

For  accurate  measurements  it  is  important  to 
choose  the  correct  setting  to  be  In  the  linear 
optical  range. 

The  determination  of  the  correct  setting  is  done 
easily  by  observing  the  change  in  the  total 
attenuation  at  the  far  end  of  the  launching 
fiber  as  stepping  through  the  electronic 
attenuator  positions  from  low  to  high.  A  linear 
fit  to  the  measured  attenuation  values  will  show 
the  lowest  possible  setting  to  be  within  the 
linear  optical  range.  The  check  of  the  linear 
region  Is  done  automatically  by  the  computer  in 
a  special  service  routine  which  is  called  upon 
whenever  the  OTOR  equipment  or  the  launching 
fiber  is  changed. 

An  example  is  shown  in  figures  3  and  4. 


«  T 


Flpure  3:  Optical  attenuation  vs.  electrical 
attenuation  at  13t0nm 


Figure  4:  Optical  attenuation  vs.  electrical 
attenuation  at  1550nn 

Boxes  are  measured  values;  the  straight  lines 
are  the  linear  fits. 

In  this  example  settings  which  give  optical 
attenuations  of  7.5dB  at  1310nm  and  5dB  at 
1550nm  are  shown. 

3.  REGRESSION  ANALYSIS 

To  obtak.  Kgn  accuracy  in  the  attenuation 
coefficSv^s  a  special  regression  analysis  is 
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used. 

The  fiber  Is  measured  with  th«  QTDR  from  both 
ends.  A  linear  fit  is  done  to  all  the  measuring 
points  of  the  backscatter  trace.  The  deviations 
<t  the  measuring  points  for*  •  linear  fit  «re 
then  calculated.  Figure  5  shows  the  results  of 
the  regression  analysis  for  i  12k*  fiber  with 
slightly  inhomogeneous  regions.  An  inhomogeneous 
fiber  has  been  chosen  in  order  to  better  show 
the  principle  of  the  analysis. 


Figure  5:  Deviation  between  measured 
values  and  linear  fit 

The  coefficient  cf  attenuation  for  this  exa*ple 
for  the  entire  fiber  length  Is  0.344  dB/km  and 
the  maximum  deviation  is  about  +  0.03  dB.  It 
can  be  seen  that  there  are  regions  where  the 
slope  of  the  curve  is  linear;  i.  e.  the  first 
2.5  k«  and  the  region  between  2.5k*  and  5.5km. 

The  computer  program  looks  for  such  linear 
regions  and  again  does  a  linear  fit  to  the 
measuring  points  for  each  region.  The  deviations 
between  the  measuring  points  and  the  linear  fit 
for  the  regions  cited  above  are  shown 
respectively  in  figure  6  and  figure  7. 

The  deviation  within  both  regions  is  below 
0.01  dB. 

The  computer  program  automatically  searches  out 
all  linear  regions  of  minimum  deviation. 

With  this  method  it  is  first  possible  to 
determine  homogeneous  regions  c;’  a  fiber,  and 
secondly  possible  by  summing  over  these  linear 
regions  to  obtain  a  total  fiber  attenuation 


l*fth  W 

Figure  6:  Deviation  between  measured  values 
and  linear  fit  for  the  first  region 


Lwtgth  (a) 

Flgur*  7:  Deviation  between  measured  values 

and  linear  fit  for  the  second  region 

coefficient  which  is  more  accurate  than  that 
obtained  by  either  a  least  square  fit  over  the 
entire  fiber  or  a  two  end  point  analysis. 

The  application  of  this  regression  analysis  to  a 
calibration  cable  that  the  measurement  of  is 
described  in  the  next  chapter  is  plotted  in 
figure  8. 
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Figure  8:  Deviation  between  fiber  attenuation 
and  linear  fit  for  the  calibration 
cable  at  1310*r^ 


4. MEASUREMENT  RESULTS 

Incorporating  together  all  the  techniques 
discussed  above  a  computerized  OTDR  measurement 
of  a  calibration  cable  was  performed. 

The  loose  tube  construction  of  this  calibration 
cable  Is  shown  in  figure  9. 


I  -  WY  1E9/125 


1 

2 

3 

4 

5 


1:  slnglmmod*  fiber 
2:  loose  tube  2mm  ft 
3:  strength  members 
4:  wroppkig 
5:  PVC  outer  sheeth 

Figure  9:  Construction  of  the  calibration  cable 

The  cabled  fiber  has  a  mode  field  of  9um.  The 
optical  parameters  of  this  fiber  are  such  that 
it  is  very  insensitive  to  environmental  changes. 
One  expects  to  see  only  attenuation  changes  on 
the  order  of  thousandths  of  a  dB/km  over  many 
years. 


The  attenuation  of  the  calibration  cable  was 
measured  with  an  accuracy  of  0.003dB/km  (fiber 
length:  3km)  by  a  high  precision  cut-back 
measurement  at  the  research  center  of  the  German 
PTT  /</.  The  result  Is  shown  In  figure  10. 


Figure  10:  Spectral  attenuation  of  the 
calibration  cable 


A  comparison  of  the  result  of  an  OTDR 
measurement  (Fig.  11)  with  the  result  of  the  cut 
back  measurement  shows  exactly  the  same  value  of 
attenuation:  0.333dB/ks  i.  1318nm. 

Correcting  the  OTDR  attenuation  to  I310nm  gives 
a  value  of  0.339dB/km  which  deviates  by 
O.OOIdB/ke  from  the  cut  back  result 
(0.338dB/km).  This  is  within  the  measuring 


Figure  11:  Attenuation  of  the  calibration  cable 
at  I318nm  measured  with  0T0R 
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accuracy  of  this  cut  back  system  which  is 
0.003dB/k*  for  a  standard  cabled  fiber  length  of 
2km. 

To  verify  the  accuracy  of  the  OTOR  technique 
reported  here  the  attenuations  of  5$  fibers 
taken  from  internal  production  as  measured  with 
OTDR  and  cut  back  were  compared  (Fig.  12). 


Figure  12:  Deviation  of  attenuation  values 
between  OTOR  and  cut  back 
measurements 


The  average  value  of  the  deviation  between  the 
two  measuring  methods  Is  x  «  -.OOOUdB/kra  with  a 
standard  deviation  s  ■  +0.00137dB/km. 

This  result  shows  that  with  the  OTDR  methodology 
reported  here  an  accuracy  of  0.005dB/km  (20)  in 
attenuation  is  possible. 

5.  CONCLUSION 

The  different  causes  of  measurement  errors  in 
the  measuring  of  attenuation  with  OTOR  were 
studied.  Optimized  conditions  were  developed  for 
a  computerized  OTOR  measurement  system.  A 
special  calibration  cable  was  used  to  verify  the 
accuracy  of  the  OTDR  attenuation  method  against 
the  reference  cut  back  method.  A  high  accuracy 
of  0.005dB/km  (2o)  with  this  computerized  OTOR 
technique  was  obtained. 
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RIGID  PVC  AS  THIN  WALL  INSUUTION  FOR  INDOOR  TELEPHONE  EXCHANGE  CABLES 

Carl-Gustaf  E (troth,  Siren  Halvarsson,  Elof  Nilsson. 

ERICSSON  CABLES  AB,  TELECOM  CABLES  DIVISION, 

BOX  457,  S-824  01  HUDIKSVALL,  SWEDEN 


ABSTRACT 

A  rigid  polyvinylchloride  (PVC)  compound  has 
been  extruded  ts  thin  well  insuUtion  B  0.4/0. 6 
mi  for  indoor  telephone  exchange  cables.  The 
insuUtion  has  been  extruded  uith  standard 
extrusion  equipment.  The  coapound  does  not 
contain  any  primary  pUsticizer  end  is  based  on 
a  PVC-resin  with  a  K-vAlue  *  58.  Test  results 
froa  acASureaents  on  rigid  PVC  coapound  insu- 
letion  Are  compared  with  results  of  standard  1n- 
suUtion  gredes  of  pUsticized  PVC,  polyamide  12 
And  aodifled  polyphenylene  oxide.  The  cAbles  Are 
designed  as  flsae  retardant  And  to  be  instAlled 
using  wire  wrapping  techniques.  The  CAbles  cAn 
be  manufactured  with  sheaths  of  pUsticized  PVC 
coapound  or  he  logon  free  coapound. 


IHIPOWjC.TIfiN 

Oevelopaent  work  hzs  been  done  to  find  a  fUae 
retArdent  insulation  material  for  thin  well  in¬ 
suUtion  as  repUceaent  for  poly amid  12  (PA  12). 
Several  polyaers  end  polyaer  blends  hove  been 
investigAted.  Allergy  probleas  (1)  associated 
with  the  type  of  aodified  polyphenyloxide  (PPO) 
used  hitherto  was  Also  a  reason  for  the  develop- 
aent  work. 

A  rigid  PVC  coapound  was  found  to  give  the 
properties  required.  It  Also  showed  to  be  sui¬ 
table  for  processing  on  standard  extrusion  equi¬ 
paent  at  aoderate  costs.  The  coapound  is  based 
on  a  PVC  rosin  (2)  with  a  K-value  -  58  (3)  in¬ 
stead  of  resins  with  X  values  65-72  normally 
used  for  pUsticized  PVC  compounds  in  the  wire 
and  cable  industry. 

Good  aechanicat  properties  are  necessary  tkje  to 
the  requirements  (4)  for  a  wall  thickness  nf  0.1 
aa  and  the  use  of  wire  wrapping  technics  when 
Installing  the  cables.  Practical  wire  wrapping 
tests  on  different  types  of  insulated  conductors 
indicate  that  the  value  for  cut-through  should 
be  a  ainiaua  of  800  g,  determined  in  accordance 
with  HIL-V  81222/4.6  18  (5). 


The  cables  are  designed  to  meet  the  flammability 
requirements  of  the  IEEE  383  (6)  standard  test. 
Cables  meeting  the  flammability  requirements 
can  be  designed  with  sheaths  of  PVC-compound  as 
well  as  halogen  free  compound. 

The  halogen  free  compounds  are  used  if  reduced 
halogen  content  is  required. 


Examples  of  overall  diameters  for  cables  with 
insulations  of  rigid  PVC  compound  are  given  in 
table  1. 

Table  1  Overall  diameter  of  cables 

Number  Overall 
cf  pairs  Diameter  (mm) 

4  3.8 
8  5.0 
12  5.6 
16  6.0 
24  7.0 
32  8.0 
48  9.5 


COMPOUND  CHARACTERISATION 

Rigid  polyvinylchloride  (u-PVC)  compound  is 
essentially  an  intimate  blend  of  PVC  resin  with 
impact  modifiers,  processing  aids,  stabilisers 
and  lubricants.  The  significant  difference  from 
other  PVC  compounds  normally  used  in  the  cable 
and  wire  industry  it  the  absence  of  plasticizers 
and  fillers.  The  rigid  PVC-formulation  is  listed 
in  table  2. 

Tabel  2  Formulation  of  rigid  PVC  compound 

Component  I 

1  PVC-resin  k*v*lue  58 

2  Subllizer/lubrlcent  mixture,  based  on  lead 

3  Stabilizer,  trlbaslc  lead  sulfate 
*  Inject  modifier,  ttrpolymer 

5  Processing  aid,  acrylic  polymers 

6  Xelease  agent,  based  on  calcium  compounds 
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Th*  formulation  -»f  the  rigid  PVC  o  mpound  for 
us*  as  a  Mir*  in.ulation  has  required  the  in¬ 
corporation  of  two  types  of  stabilixers  to  act 
*f  o  HCl-acceptor  ond  o  stabiliser  occording  to 
th*  Frye-Horst  mechanism  (7). 
fht  components  were  nixed  in  o  high  tp*«d  mixer 
to  o  temperature  of  (110°C  -  120°C).  Th*  dry 
bl*od  wot  compounded  in  o  Suit  ko-knct*r  type  PT 
200  with  on  output  of  1000  kg/h. 


SamSOLlIfilLM 

Extrusion  equipment 

Th*  insulation  material  con  b*  processed  on 
ftondord  thermoplastic  extrusion  equipment  os 
designed  for  wire  costing.  In  this  experiment 
rigid  PVC  hot  been  sotlsfoctory  processed  on  o 
30  m  extruder  with  o  L/C  ratio  of  20:  1  ond  o 
compression  rotio  of  2,5:1. 

Free  extrusion  (tubing)  hos  been  used  in  this 
process,  which  is  normally  chosen  when  in- 
sulotion  of  small  conductor  is  carried  out.  A 
drawn-down  rotio  of  10.2  ond  o  line  speed  of  600 
m/min  was  successfully  employed  for  th*  thin 
wall  insulation  of  0,1  mm  radial  thickness. 

Extrusion  conditions 

Typical  extrusion  conditions  employed  for  the 
insulation  of  0,4  mm  tinned  copper  conductor 
with  0,1  mm  radial  thickness  of  rigid  PVC  are 
listed  below,  see  table  3. 

Table  3  Extrusion  conditions 

Pie  diameter  (mm)  2.0 

Guider  tip  diameter  (aa)  1.4 

0M  10.2 

MB  0.96 

Extruder  set  temperatures  (°C) 

Zone  1  175 

2  185 

3  195 

4  205 

Crosshead  215 


P»0PEAT1E$  OF  >1010  PVC  IKSuLATIOH  MATERIAL 

Tht  most  important  properties  of  extruded  rigid 
PVC  have  been  investigated.  The  results  have 
been  compared  with  some  othtr  extruded  in¬ 
sulation  material.  Abbreviations  of  the  in¬ 
sulation  material  used  in  this  study  are  listed 
in  table  4. 


Table  4  Plastic  insulation  material 


IntuUtlon  Material _ Abbreviation 


Alt  Id  PolyvtnrUMor**  u-fVC 

Standard  pUttlelied  itfllrvIn/UMorld  p'fVC 

Modified  poljrpheoflene  0«l4e  "*Ff0 

rot(f»»u  12  pa  U 


Mechanical  properties 

Table  5  presents  mechanical  properties  obtained 
from  0,1  mm  rad,ial  thickness  insulation.  Tensile 
strength  at  break  and  elongation  at  break  are 
determined  according  to  IEC  189-1  (8)  with  a 
cross  head  speed  of  50  mrn/nin.  Stripping  force 
was  determined  in  a  tensile  testing  machine. 
Cross  head  speed  50  mm/min,  and  sample  prepara¬ 
tion  according  to  IEC  189-1.  Insulation  cut- 
through  was  measured  according  to  Hil-H-81822. 

Table  5  Mechanical  properties  of  insulation 
materials  as  U,4/0,6  mm  wires. 


Material  lentil* 
Strength 

nr* 

tlongatlon  at 
break  X 

Stripping 
force  N 

tut 

through 

9 

u-PVC 

52 

215 

S.O 

1000 

D-rvc 

21 

225 

4.0 

500 

■-pro 

A0 

ITS 

9.0 

800 

PA  12 

50 

J00 

5.0 

900 

Screw  speed  (rpm)  40 
Conductor  preheat  (°C)  100 
line  speed  (m/min)  600 


International  Wire  &  Cable  Symposium  Proceedings  1989  487 


Ageing  Mg  heat  stability 


The  ageing  performance  of  the  u-PVC  at  th« 
radial  Mil  thickness  of  0.1  am  It  thorn  In 
figure  1.  The  samples  wore  aged  at  80°C/  100°C 
and  120°C  end  measured  According  to  ICC  189*1  . 
The  stability  Mt  assured  at  200°C  According  to 
VDC  0472/09.71  (9)  both  before  And  After 

Ageing.  The  result!  Are  preiented  In  figure  2. 


EIOOU1CN  AT  0fi£fK 


TEAT  STAG1UTY  AT  200  C 


AGEING  TIME  UEEKS 

Fig. 2  Stability  of  u-PVC  At  80°C,  100°C,  120°C. 


Coapatibilty 

Peteraination  of  compatibility  between  polymers 
it  necetttry  becAute  of  suspected  aigrAtion  of 
tow  aolecuUr  subttAncet  froa  the  jacketing 
aAteriel  into  the  u-PVC.  Aoulded  specimens  were 
put  together  to  font  a  "sandwich"  between  two 
glass  plates.  The  gUstplates  were  placed  in  an 
air  oven  aaintalned  at  70°C  and  a  wtight  of  5 
kg  ms  placed  on  the  test  assertily.  The  In¬ 
vestigation  ms  performed  on  u-PVC  in  connection 
with  aotded  sheets  of  jacketing  atterial 
consisting  of  plasticized  PVC  and  flaae 
retardant  halogen  free  material.  The  result  are 
presented  in  figure  3  with  a  comparison  of 
aigration  between  a-PPO  and  PVC  jacketing 
material. 


C0MPAT1BIITY 

UEIOMT  INCREASE  OF  ItEUlATlW  MA1ERIAIS 


Fig. 3  Compatibility  (A)  u-PVC/PVC  sheath,  (8)  u- 
PVC/halogen  free  sheath,  (C)  a-PPO/PVC  sheath. 


Fire  property 

The  experimental  results  (10)  reported  here  of 
u-PVC  have  been  subjected  to  standard  test 
procedures,  oxygen  index,  vertical  flaaaability 
UL  94,  flammability  temperature  Araphoe  smoke 
and  N6S  smoke  chanter,  The  results  are  presented 
in  table  6. 

The  u-PVC  has  also  been  tested  in  a  cone 
calorimeter  (11)  at  three  different  heat  flux 
levels  15,  20  and  25  kW/a  .  Samples  were 
prepared  froa  moulded  sheets  with  dimensions 
(100x100x3) mm.  The  amount  of  chloride  presented 
in  combustion  gases  was  analyzed,  see  table  7. 
Time  to  ignition  and  heat  realease  rate  was  mea¬ 
sured,  see  table  8. 
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Table  6  Fire  properties  of  »om  insulating 
material. 


Property 

u-pvc 

a-rve 

■*rro 

pa-12 

Oaygen  Inde«  00 

23#C 

ioo’c 

37 

21 

26 

17 

33.3 

26 

J< 

- 

200*C 

20.5 

26 

30 

- 

x»ec 

73.0 

20 

26 

- 

«o*c 

19.5 

13 

11 

" 

fUnnebUlty  . 

Tenperature  CC> 

370 

270 

360 

<23 

Vertical 
flaanabillty 
mu  v-o  (m) 

0.3 

• 

1.0 

3.2 

Arapahoe,  X  moke 

11.6 

12 

23.6 

(ripping 

MS  Snake  chaeber 
Mouldering  »a(cerr) 

1t» 

3M 

122 

tripping 

rlaning  (corr) 

361 

530 

367 

- 

«  yi 

Table  7  Chloride  In  conbustion  gas 


Incident 

flua, 

kW/n* 

Anount 
chloride  g 

Anount  chloride  g / 
ot  g  PVC  contuned,  g/g 

15 

1.35 

0.12 

20 

1.33 

0.07 

25 

1.02 

0.03 

Table  8  Time 

to  ignition  and  heat  rgalease  rate 

Incident  flu« 
kW/n* 

Tine  to  Ignition 
nln:t 

Meat  realese  rate 
oeak  iu/. 

15 

* 

20 

*« 

71 

23 

6:00 

176 

•  No  Ignition 

•*  Ignition  with  *  notch  6:30  <nin:») 


Electrical  properties 

Volume  resistivity,  dielectric  constant  (1  kHz, 
1  MHz)  dissipation  factor  (1  MHz)  and  dielectric 
strength  <1,5  kV  v&s  measured,  see  table  9. 


Table  9  Electrical  properties  of  tone  Insulated 
tutorial 


Arterial 

Veluae 
•eslot Ivltr 

Olelettrit 

(onilant 

1  Mr  1  Mr 

OlltUatian 
fatiar 
l  Mr 

•lelectrlc 
tlraagth 
<1.3  IV 

u*evt 

<10 

3 

2.1 

i.v  io;J 

Nit 

o-m 

<1 

6.1 

3.0 

JO.0  10  J 

Nil 

••reo 

<10 

1.6 

2.6 

6.3  10  i 

rm 

ea-12 

<0.1 

3.1 

3.0 

11.0  10  } 

Nil 

Permittivity  and  dissipation  factor  have  been 
measured  at  several  distinct  frequences  1,  6, 
10,  20,  40,  70  MHz,  see  figures  4  and  5, 
Comparison  is  made  with  PA-12. 


0  23  50  75 


FREOUEMCY  Cttiz) 

Fig. 4  Frequency  dependence  of  permittivity 


DISSIPATION  FACTOR 


Fig. 5  Frequency  dependence  of  dissipation 
factor. 
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Cracking  at  low  tewperature 


»Eft»tNCES 


Resistance  to  cracking  at  low  tewperature  (- 
1S°C)  fw*  been  Measured  according  to  ICC  189-1 
clause  4.4.  No  cricks  were  observed. 


properties  or  completed  cable 

In  the  present  work/  triil  lengths  of  32-pair 
cobles  were  produced  using  0/4  m  tinned  copper 
conducters  end  u-PVC  ts  insulation  Material.  Two 
types  of  Mteriils  were  used  for  jseketing  of  u- 
PVC  insulited  conducter.  The  sheithing 
Mteriils  used  were  i  flane  retirdent  PVC  coo- 
pound  end  i  fliM  retirdent  hilogen  free  tcroo- 
plistic  hiving  in  oxygen  index  (01)  •  35. 

Cold  bend  test 

Bending  test  it  low  teoperiture  (-15°C)for 
sheiths  icccrding  to  2EC  811-1*4/  clause  8.2 
(12)  showed  no  cricks. 

Electricil  property 

Nutuil  cipicitince  of  cibel  wes  Measured  to  62- 
68  nf/ko  iccording  to  IEC  189-1  cliuse  5.4. 

flioe  proptoition 

The  cibles  were  subjected  to  i  verticil  flioe 
test  (IEEE  383).  Cibles  were  vertically  Mounted 
on  i  Udder  ind  burnt  by  i  70  0000  BTU/ilR  ribbon 
burner  250  mm  wide  pliced  in  front  of  ind  610  mm 
froM  the  bottOM  of  the  cable  Udder.  The  two 
types  of  cables  fullfill  all  requieroents  of  the 
IEEE  383  verticil  flawe  test. 

CONCLUSION 

A  flawe  retardant  thin  insulation  of  rigid  PVC 
coopound  can  be  processed  with  standard 
extrusion  equipMent.  The  rigid  PVC  coopound  is 
bised  on  PVC  resin  of  a  K  value  *  58.  The  PVC- 
Mtcrial  can  be  used  for  wire  wrapping  Instead 
of  insulation  of  polyanid  12/  if  Moderate 
operating  teMperatures  are  required.  Migration 
shows  that  PETP-foil  is  needed  as  a  Migration 
barrier  when  plasticized  PVC  coopound  are  used 
as  jacketing  Material.  Rigid  PVC  insulation 
together  with  plasticized  PVC  or  halogen  free 
flane  retardant  sheaths  have  s'.’.own  to  be  sui¬ 
table  for  indoor  telephone  exchange  cables. 
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DESIGN  AND  PERFORMANCE  OK  SINGLE-MODE  P1.UG-IN  TYPE  OPTICAL  KIRKR  CONNECTORS 


Shin'ichi  Iwano,  Etauji  Sugita,  Kaxunori  Kanayaaa.Ryo  Nagaae,  and  Nen'ichl  Nakano  ' 


NTT  Opto-electronica  Laboratnrlea,  lbarakl,  Japan 
*  NTT  Applied  Electronic*  Laboratoriea ,  Tokyo.  Japan 


SURMICE 

A  now  ayataa  of  coapact  aingle-aode 
plug-in  typo  optical  Tiber  connectora  ia 
developed  Tor  aultipl*  optical  oonnectiona 
between  a  printed  board  and  a  backpanel. 
Thia  new  ayatea  oonaiata  of  two  typea  of 
plug-in  connector;  two  optical  pluga 
/jacka  with  64  electrical  terainala  and 
Tour  optical  pluga/jacka.  Thia  ayatea 
utillaea  a  novel  alignaent  aechaniaa  for 
pluga  and  Jacka  and  a  novel  fiber-core  ad- 
Juataent  technology. 

It  la  conTiraed  that  the  connectora 
have  a  low  inaertion  ioaa  of  ieaa  than  0.4 
dB  and  a  high  return  ioaa  of  aore  than  28 
dR,  and  are  highly  reliable. 

In  advanced  lightwave  tranaalaaion  aya- 
teaa,  low  Ioaa  and  low  reflection  aingle- 
aode  optical  lnterconnectiona  which  take 
up  little  apace  are  required  for  connect¬ 
ing  printed  boarda  to  backpanela  in 
equipaent  auch  aa  an  optical  tranaaitter/ 
receiver  for  aynchronoua  digital  hierarchy 
(SDH).  In  auch  equipaent,  aany  electrical 
lnterconnectiona  are  alao  required  for 
tranaaitting  wideband  digital  aignala  and 
diatributing  clocka  through  a  backpanel  to 
a  printed  board. 

Moreover,  optical  and  electrical  inter- 
connectiona  ahould  be  coapleted  at  the 
aaae  tiae  by  plugging  the  printed  board 


in  to  the  backpanel  aa  thia  facilltatea 
both  aaintenance  and  teating. 

To  realixe  theae  requireaenta,  we  have 
developed  two  typea  of  alngle-aode  plug-in 
optica)  fiber  connector:  One  type  haa  two 
pluga  and  two  Jacka  and  includea  64 
electrical  terainala,  and  the  other  haa 
four  pluga  and  four  Jacka  without  the 
electrical  terainala.  Individual  coupling 
for  theae  pluga  and  Jacka  connected  with 
aingle-aode  flbera  ia  carried  out  aiaulta- 
neoualy  by  plugging  in  the  printed  board. 

Thia  paper  deacribea  the  deaign  and 
characteriatica  of  the  aingle-aode  plug-in 
optical  fiber  connectora. 

5L_E>E*iSB 

2i.l-ES»ign-S2QG5Ki-SDd_§ti;uotyjrajt_Ke*tyC5a. 

The  deaign  concept  of  the  plug-in  con¬ 
nector  ayatea  ia  aa  followa: 

a)  The  connectora  are  aounted  in  an  area 
80  aa  long  and  10  aa  high. 

b)  Each  aingle-aode  optical  fiber  ia 
connected  baaed  on  the  ferrule-al i tted- 
aleeve  ayatea  (1). 

c)  Superior  optical  perforaancc.  an  in¬ 
aertion  Ioaa  of  leaa  than  0.5  dB  and  a 
return  Ioaa  greater  than  25  dB,  are 
required. 

In  light  of  theae  requireaenta,  a  new 
aingle-aode  plug-in  connector  ayatea  ia 
proponed  aa  ahown  in  Fig.  1,  in  contraat 
to  exiating  electrical  connectoral 2] . 


ftuo 

■ACKINO  wowaie 
MOWT'INO  MQUMNO 


2-KUQ/JACK  0  M-TERMINAL 
TYRE  CONNCCTOa 


BACK  PANEL 
ELECTRICAL  CONNECTOR 


X  P.ULO/JACk  mt-CONNECTOg 


.JACK 


FEMALE  TERMINAL 


PRINTED  DOARO 


Figure  I  Single-node  plug-in  optical  fiber  connector  ayatea 
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Figure  S  Rctr  view  of  beck-end 
houeinge  end  plug* 


Figure  3  Photograph  of  eingle-eode 
fiber  plug  end  jack 


JACK  PLUG 

Figure  4  Structure  of  single-node  fiber 
plug  end  Jack 


The  type  with  two  option!  plugs/jacks 
end  64-el ectr lonl  terminals  In  ■■inly 
employed  for  long-haul  transmission  sys- 
teen,  end  the  type  with  four  option! 
plugs/Jacks) 3 |  is  employed  for  loot* l  loop 
networks. 

The  jnckn  nre  noooeeodnted  in  the 
printed  bonrd  housing,  nml  the  plugs  in 
the  front-end  and  bnek-end  housings  of 
the  backpnnel. 

When  the  printed  bonrd  is  Inserted 
into  the  bnckpnnel,  the  printed  bonrd 
housing  nligns  the  back-end  housing  which 
is  flont-nounted  to  the  front-end  housing 
by  n  guide-float  pi n ( descr i bed  inter). 
Then,  the  printed  board  housing  is  coupled 
to  the  front-end  housing  which  is  fixed  to 
the  backpnnel.  The  plugs  are  individually 
inserted  and  removed  fron  the  bnek-end 
housing  fron  the  roar  of  the  unit  as  shown 
in  Fig.  2. 

The  appearance  and  sectional  view  of 
the  jack  are  shown  together  with  the  plug 
in  Figs.  3  and  4.  The  jack  consists  of  a 
slitted  sleeve,  a  zircon  in  ceramic 
ferrule!*)],  a  plastic-molded  jack  shell,  a 
sleeve  holder,  and  a  spring.  The  sleeve 
holder  including  the  ferrule  and  the 
sleeve  is  pressed  in  the  axial  direction 


l>y  the  spring.  The  shell  has  n  positioning 
key  which  prevents  the  Jack  from  rotating 
when  it  is  mounted  on  the  printed  board 
housing. 

The  plug  is  composed  of  a  xirconla 
ceramic  ferrule,  a  plastic-molded  plug 
shell,  a  holder,  and  a  spring.  The  shell 
and  the  holder  are  fixed  to  each  other  by 
means  of  bayonet- like  couplings.  The 
holder  also  has  a  positioning  key. 

The  ferrule  ends  are  polished  to  a 
spherically  convex  shape  with  a  20  mm 
radius  so  as  to  realize  stable  physical 
contact .J4] 

A  sectional  view  and  a  photograph  of 
the  plug-in  connector  with  two  plugs/Jacks 
and  G4-electrleal  terminals  are  shown  in 
Figs.  f>  and  C,  respectively. 

The  jacks  are  mechanically  retained 
12.7  mm  apart  by  retaining  springs  on  the 
upper  half  of  the  printed  board  housing, 
center-to-center.  Two  guide  holes  are 
provided  on  each  side  of  the  jack  position 
30.5  mm  apart.  04  electrical  female  ter¬ 
minals  are  mounted  on  the  lower  half  of 
the  housing.  The  housing  is  fixed  to  the 
printed  board. 

The  front-end  housing  of  the  backpnnel 
with  04  press-fit  male  terminals  is  fixed 


International  Wire  &  Cable  Symposium  Proceedings  1968  493 


MMt  TtMMMAl 


SACK  MML  fMMTtO  >OAMO 


Figure  S  Structure  of  2-pl.g/Jack  i  64-terainal  type  plug-in  connestor 


Figure  •  Photograph  of  2-plug/jack  M- 

terainal  type  plug-in  connector 


to  the  hack  panel.  The  back-end  housing  of 
the  backpane)  with  two  resilient  rings  is 
float-mounted  on  the  front-end  housing  by 
two  guide-float  pins.  The  plugs  are 
retained  in  the  housing  by  the  resilient 
rings.  Each  p1*  ’  can  be  removed  individu¬ 
ally  from  using  using  a  release  of 

the  plug  h 

2*2-AllSW*»nt_Mec!jn.oi*a 

When  s l ng 1  e-node  fibers  are  butt- 
coupled,  the  misalignment  between  cores  is 
reduced  to  less  than  l.C  |im  to  achieve  0.5 
dB  insertion  loss.  However,  a  printed 
board  mounting  jacks  have  tolerances  about 
of  1  mm  in  both  the  radial  and  axial 
direction  in  a  plug-in  unit. 

The  most  important  point  for  the 
realisation  of  high  performance  single¬ 
mode  plug-in  optical  fiber  connectors  is 
to  achieve  accurate  alignments  between 
plugs  and  jacks  in  which  the  tolerances 


and  misalignment  are  automatically  ab¬ 
sorbed.  (3)  Therefore,  the  following  align¬ 
ment  mechanisms  are  introduced. 

AS  the  the  printed  board  is  plugged  in 
to  the  backpanel,  the  guide-float  pins  are 
inserted  into  guide  holes  in  the  printed 
bosrd  housing  so  as  to  align  the  back¬ 
end  housing  with  plugs  to  the  printed 
board  housing  with  Jacks.  Hext,  the 
printed  board  housing  ia  Inserted  into  the 
front-end  housing  to  slign  the  electrical 
terminals. 

This  guide  mechanism  can  absorb  radial 
tolerance  and  facilitate  the  alignment  of 
the  plugs  and  Jacks. 

HI  IMA*JLHoy**«?fjS, 

First,  the  printed  board  housing  and 
the  hack-end  housing  are  roughly  aligned, 
then  the  pluga  and  jacks  are  aligned,  and 
finally  the  two  ferrules  are  aligned. 

In  order  to  align  the  two  housings,  the 
back-end  housing  is  floated  and  guided  by 
the  guide-float  pins  and  the  guide  holes. 
The  floating  range  of  the  float  is 
designed  to  be  larger  than  the  radial 
tolerance.  The  range  of  the  guide  is  also 
designed  to  be  aore  than  2  times  as  large 
as  that  of  the  float.  Even  if  the  printed 
bosrd  is  inserted  at  the  worst  position, 
the  top  of  the  guide-float  pins  can  be 
guided  into  the  guide  holes,  thus  asking 
it  possible  to  slign  these  two  housings. 

Misalignment  between  a  plug  and  a  jack 
is  caused  by  housing  alignment  error  be¬ 
tween  the  two  houaings  and  poaitioning  er¬ 
ror  in  each  housing.  Plugs  and  Jacks  have 
a  guide  portion  on  their  shell  top  and  are 
slightly  floated  from  each  housing.  The 
range  of  these  guides  and  the  float  are 
designed  to  be  sufficiently  larger  than 
that  of  the  above  aisal ignment.  Thus,  a 
plug  shell  and  a  jack  shell  can  be  coupled 
effectively. 

Two  ferrules  are  aligned  by  a  slitted 
sleeve.  Both  ferrules  and  the  slitted 
sleeve  are  unattached  to  the  shell  of  each 
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plug  and  jack,  no  tkay  can  absorb  the 
misalignment. 

Axial  tolerance  la  absorbed  by  a  cell 
aprlng  In  tha  Jack.  Tha  sleeve  heldf/r  of 
the  Jack  la  unattached  to  tha  jack  shell 
In  the  axial  direction  and  ia  praaaad  in 
the  axial  direction  by  the  aprlng.  The 
ferrule  and  alitted  alaave  float  slightly. 

When  the  plug  la  Inaerted  into  the 
jack,  the  aleeve  holder  la  aligned  by  the 
Inner  aurfaca  of  the  plug  shell.  The  fer¬ 
rule  In  the  plug  ia  alao  floated  froa  the 
plug  ahall  and  ia  guided  by  the  aligned 
alaave  holder.  Thua,  aaooth  connection  and 
fine  alignaant  can  be  achieved. 

ill -ddJuiliflg-'}  petition 

To  achieve  good  repeatability  of  Inaer- 
tlon  Iona  during  connect/d iaconnect 
cyclaa,  poaitionlng  kaya  for  the  plug  and 
tha  jack,  and  key  groovea  for  the  back-end 
housing  and  the  printed  board  houaing  are 
provided. 

In  order  to  realiae  low  Inaertlon  loaa 
in  alngle-aode  fibera,  It  la  neceaaary  to 
adjuat  the  direction  of  the  optical  fiber 
core  canter  to  the  ferrule  canter  to  that 
of  tha  poaitionlng  key. 

Tha  principle  of  the  adjuataent  opera¬ 
tion  ia  shown  In  Fig.  7.  Tha  operation  la 
aa  follows. 

(a)  Tha  direction  of  the  optical  fiber 
core  center  to  the  ferrule  center  (ahown 
by  A  and  B  in  Fig.  7)  ia  deterained  by 
measuring  the  insertion  loaa  using  a 
standard  adjuataent  connector.  The  direc¬ 
tion  of  the  positioning  key  of  the  connec¬ 
tor  coincides  with  the  direction  of  the 
fiber  core  to  the  ferrule  center. 

(b)  Then,  the  shell  of  the  plug  or  Jack 
is  rotated  by  a  given  angle  so  aa  to  aatch 
the  direction  of  its  positioning  key  to 
the  direction  with  the  alniaua  inaertlon 
loaa.  Accordingly,  the  position  of  the 
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Figure  7  Schematic  explanation  of 
adjusting  operation 


optica)  fiber  core  center  la  adjusted  to 
the  direction  of  the  positioning  key 
(shown  by  A*  and  B'  in  Fig.  71.  The  dis¬ 
tance  between  the  two  cores  d,  wnich 
causes  the  Insertion  loss,  Is  reduced  by 
means  of  this  operation. 

121  t»eVl*lkatlon 

The  relationship  between  the  angle  of 
the  adjusting  operation  and  Insertion 
losses  is  Investigated  by  computer  simula¬ 
tions  In  order  to  optimise  the  angle. 

Eccentricity  of  the  core  from  the  fer¬ 
rule  center  r  la  assumed  to  be  represented 
by  two  dimensional  Causa  distribution 
f  (r) : 

1  r« 

f(r)«  -  expl - 1  (I) 

2x  a  *  ia  '  , 

where,  a  is  a  characteristic  length  which 
denotes  the  average  eccentricity  of  the 
core  from  the  f«rrule  center.  A  value  of 
0.6  pm  is  selected  based  on  field  data. 
The  ferrule  is  rotated  by  in  adjuatlng 
operation  angle  §  so  that  the  core  center 
enters  the  adjuatlng  area  (see  Fig. 7.) 
Then,  the  insertion  Sosa  l.(dj  for  bulling 
two  adjusted  ferrules  Is  calculated  based 
on  the  following  equalion|5): 

t.(d)  a  U  (d/w)  «  ,  U  «  4.34  (2) 

where,  d  is  the  distance  between  two 
cores,  and  w  la  the  mode  field  radius  of 
the  optical  fiber  and  la  chosen  aa  S.O  pa. 

The  simulated  results  for  a  set  or 
randomly-concatenated  single-mode  Tibers 
are  shown  in  Fig.  8.  The  adjusting  opera¬ 
tion  angle  6  of  120  degrees  and  60  de¬ 
grees  correspond  to  3  and  6  adjusting 
operations,  respectively.  Measured  values 
in  each  division  calculated  by  dividing 
the  number  of  measured  data  by  the  total 
number  of  data  are  plotted  In  the  same 
figure.  The  simulated  results  agree  well 
with  the  measured  ones. 


Figure  8  Calculated  probability  density 
of  insertion  loss 
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Figure  •  sho‘<»,  th*  cwuliUvc  prob¬ 
ability  of  inarrtioiv  losses  calculated  by 
computer  simulation  baaed  on  tba  above  ex¬ 
planation. 

It  ia  confirmed  froa  Fig.  *  that  an 
adjusting  operation  angle  of  1X0  degreea 
la  aufficient  for  achieving  an  inaertion 
loaa  of  lean  than  0.C  Mb  with  a  cumulative 
probability  of  over  Si  *  In  a  aet  of 
randoaly-concatenatod  a  ingle-node  fibera. 

To  ainpllfy  adjustment,  a  bayonet  like 
coupling,  whoae  projections  and  raapa  are 
diatributed  through  1X0  degreea,  ia  in¬ 
troduced  in  both  pluga  and  Jacks. 


3.  „Ch«fftct«rAelio* 

3»l,lo*f  ft  Ion  ,M***r*  »»Ml ,  Return 

The  i  nnttnl  l*twaa«u  *•«* joaaaii 
of  alngle-node  plug-ln  conneetora  were 
neaaured  uaing  «  1.3  pa  wavelength  LD 
aource.  The  results  are  ahown  in  Table  1 
and  Fig.  10.  An  average  inaertion  loaa  of 
O.lkdtl  wax  obtained  for  a  aet  of  randomly- 


Figure  9  Cumulative  probability  of 
inaertion  loaa 


concatenated  alngle-node  fibera.  The 
return  loaaea  were  larger  than  2*  db. 

The  Inaertion  loaaea  and  return  loaaea 
were  alao  neaaured  for  the  worat  caae  In 
which  the  printed  bsard  housing  was  1.2  st* 
from  the  front-end  and  back-end  houalnga 
of  the  backpanel.  No  changes  in  average 
inaertion  loaa  and  return  loaa  were  ob¬ 
served  between  the  ordinary  caae  and  the 
worat  caae. 


Table  1  Characteristics  of  single-mode  plug-in  optical  fiber  connectors 
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insertion  loss  («) 


Mum  lo«  histogram 


RETURN  LOSS  (08) 

Figure  10  Insertion  losses  end  return 

loner*  of  randomly-concatenated 
single-mode  fibers 


Connection  repestsbi  1  ity  for  200  Inser¬ 
tion*  of  m  printed  board  Into  a  back panel 
was  measured.  The  results  are  shown  In 
Table  I  and  Fig.  11.  The  Insertion  loss 
increases  were  smaller  than  0.2  dB  and  the 
return  losses  were  larger  than  25  dll 
during  the  tests. 


NUMBER  OF  MATINGS 

Figure  11  Repeatability  of  return  loss 
for  200  insertions  of  printed 
board  into  backpanel 


a^^fchinicii.Bn^.gnvijrnp^Bt.Tesc 

The  results  of  temperature  cycling 
tests  and  high  humidity  with  temperature 
cycling  tests  are  also  shown  In  Figs.  12 
and  13.  Table  l  summarises  the  test 
results  for  mechanical  tests  such  as 
vibration*  shock,  and  plug  mating,  and  en¬ 
vironment  tests  such  as  temperature  cy¬ 
cling,  high  and  low  temperature  endurance, 
and  high  humidity  with  temperature  cy¬ 
cling.  These  results  reveal  extremely 
stable  characteristics. 


NUMBER  OF  CYCLES 

Figure  12  Temperature  cycling  test  results 


NUMBER  OF  CYCLES 

Figure  13  High-humidity  with  temperature 
cycling  test  results 


3. 4  _Transml  sg iqp_Test 

Hit  error  rate  measurements  have  been 
made  under  the  various  conditions  shown  in 
Table  2.  The  measurement  set-up  is  shown 
in  Fig.  14.  Six  pairs  of  plugs  and  jacks 
were  connected  in  series.  T.'ie  transmission 
signal  was  a  1.8  Ubit/s  return- to-y.ero(RZ) 
format  pseudorandom  bit  sequence  (2  '>-11. 
A  power  margin  of  3  dB  was  set  from  the 
minimum  optical  power  level  of  the  system. 

The  results  arc  also  summarized  in 
Table  2,  indicating  low  error  rate*  of 
less  than  1 0- *  * . 
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Table  2  Tranaainrion  te*ts  condition*  and  result* 


items 

Condition* 

Results 

Temperature 

cycling 

•25-70*C,  4hour*/cycle 
tOOcycles 

Temperature* 
humidity  cycling 

-10-25-55'C,  93£3%R.H. 
Icycle/dsy,  20cyclea 

Thermal 

•S±2*C 

96houra 

aging 

•2S4:2*C 

SChoura 

t  ttm  n*  i*t*\ 

\t*#n  1*-n  ) 

Vibration 

10-SSHs,  amplitude  1.5mm 
2hoursx3dlrectiona 

Shock 

1000,  fms  duration 
10ehecke»3dlrectiona 

STAMOCftO 

OSCM.LATO* 

am* 

vs&ssr 


TUT  INVMONMtNT 

i  — »jf>* 


FIIAMC 


PUBES' 


ATTINUATOM; _  ^ _ ^ 

nm  am*  J*“ 

Figure  H  Maaauraaenta  itl  up  for  transmission  teat* 


A  new  system  of  compact  single-mode 
plug-in  type  optical  Tiber  connector*  1* 
developed  for  Multiple  optical  connection* 
between  a  printed  board  and  a  back panel. 

This  new  system  consist*  of  two  type* 
of  plug-in  connector;  two  optical  plug* 
/jacks  with  64  electrical  terainnl*  and 
four  optical  plugs/jacks. 

A  novel  alignaent  aechanlaa  for  plug* 
and  Jack*  and  a  novel  fiber-core  adjust- 
aent  technology  are  utilised. 

The  alignaent  guide  aechanisa  adopted 
for  this  systea  can  absorb  about  1  mm 
radial  tolerance  of  a  printed  board  tr>  a 
plug-in  unit.  Axial  tolerance  la  absorbed 
by  the  coil  spring  in  the  jack. 

It  ia  confirmed  that  an  angle  of  ad¬ 
justing  operation  of  120  degrees  i*  suffi¬ 
cient  to  reulixe  an  insertion  loss  of  less 
than  0.5  dB  with  94  X  cuaulative  probabil¬ 
ity.  To  aiaplify  adjustaent,  a  bayonet- 
like  coupling  is  introduced  in  both  the 
plugs  and  the  jacks.  To  prevent  free  rota¬ 
tion  of  plugs  and  jacks  in  the  housings! 


positioning  key*  are  arranged. 

Performances  of  a*seabled  plug-in  opti¬ 
cal  fiber  connectors  with  10/125  aicron 
*lngle-aode  fiber  were  Measured,  and  were 
conriraod  to  have  the  following  *»ti*f*e- 
tory  characteristic*,  a)  Insertion  losses 
were  less  than  0.4  dB  and  return  losses 
were  larger  than  28  dB.  b)  Mechanical 
teat*  such  a*  vibration,  shock,  and 
connect-disconnect  cycles,  and  environaent 
tests  such  as  teaperature  cycling,  high 
and  low  teaperature  endurance,  and  high 
huaidlty  with  tempernture  cycling, 
revealed  extreaely  stable  characteristic*, 
c)  Trans* i ss i on  tests  using  1.8  Gbit/s 
pseudorandom  pulse  patterns  showed  low  er¬ 
ror  rates  of  less  than  10'  > 1  . 
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Atatoci 

A  novel  optical  overhead  groundwire  cable  haa  been 
developed  which  significantly  reduces  the  required 
Installation  and  service  tensions  for  this  class  cf  cable. 
The  conventional  multi-unit  approach  to  OPT-GW 
designs  requires  exotic  materials  in  order  to 
miniaturize  the  individual  units.  The  proposed  design 
utilises  a  single  fiber  unit  containing  up  to  46  fibers, 
thus  saving  as  much  as  0.75mm  in  outside  diameter. 
Data  are  presented  relating  typical  cable  diameters  to 
the  sug  and  tension  for  various  spans  under  heavy 
loading  conditions.  The  individual  fibers  are  hilly  color 
coded  in  accordance  with  industry  standards.  The 
cable  has  been  subjected  to  the  temperature 
performance  tests  proscribed  in  BtLLCOXX  specification 
TR-TSY  000030  as  well  as  the  more  stringent 
mechanical  tests  required  by  the  utility  industry  such 
as  the  sheave  test,  acotian  vibration  and  fault  current 
In  all  cases  the  cable  experienced  no  significant 
degradation  of  optical  power.  Additionally,  data  are 
presented  comparing  the  sag/tension  characteristics  of 
the  new  design  vs.  existing  designs  including  an  all 
dielectric  design. 


Nomenclature. 

The  following  terms  and  abbreviations  are  used 
throughout  the  text  of  this  paper 

OPT-GW  -  OPTical  Ground  Wire,  a  cable  con¬ 
taining  optical  fibers  and  capable  of  pro¬ 
tecting  electrical  phase  conductors  horn 
lightning  and  fault  current  damage. 

AW  wire  -  AlomoWeld  wire,  an  aluminum  clad 
steel  wire. 

Fault  Current  -  Short  circuit  current 

RBS  -  Rated  Breaking  Strength 


Discussion 

Background. 

One  of  the  primary  design  considerations  for  OPT- 
GW  is  to  minimize  the  overall  diameter  of  the  cable 
structure.  Under  heavy  wind  and  ice  conditions  cable 
diameter  is  a  major  factor  in  determining  the  forces 
imparted  to  the  support  tower.  Since  many  OPT-GW 
installations  are  retrofits,  this  becomes  an  important 


consideration.  The  OPT-GW  installation  cannot  exceed 
the  design  limits  of  existing  towers  which  were 
designed  for  ordinary  groundwire.  Differences  of  lOths 
of  a  millimeter  can  make  a  difference  between  whether 
an  existing  structure  can  withstand  such  forces  under 
heavy  loading  conditions.  The  combination  of  an 
optical  cable  within  a  grounding  cable  tends  to  result  in 
a  larger  overall  cable  structure.  The  OPT-GW  thus 
performs  two  functions.  First,  the  cable  must  be 
capable  of  withstanding  lightning  strokes  and/or  fisult 
current  loada  This  capability  requires  that  the  wires 
on  the  outside  of  the  cable  be  of  sufficient  size  to  carry 
high  current  levels  without  sustaining  mechanical 
damage.  This  requirement  is  in  conflict  with 
minimizing  diameter.  Second,  the  cable  must  carry 
optical  signal  traffic  without  interruption.  In  addition 
there  Is  a  need  for  higher  fiber  counts  (34-48)  which 
exaggerates  the  diameter  constraint 

Design  The  conventional  approach  to  making  OPTGW 
involves  the  manufacture  of  fiber  units  containing  up  to 
16  fibers  each.  These  units  are  then  cabled  around  a 
central  support  member  and  wrapped  with  a  thermal 
ablative  layer.  An  aluminum  pipe  drawn  around  the 
cabled  core  and  AW  wires  stranded  over  the  pipe 
complete  the  construction  The  proposed  design 
consists  of  a  single  optical  unit  containing  up  to  48 
fibers.  No  cabling  is  required  before  piping  and  AW 
stranding  (see  Figure  1)l  The  resulting  cable  is  smaller 
in  diameter  allowing  significant  reductions  in 
Installation  and  service  tensions. 


PROPOSED  DESIGN  EXISTING  l/CSIGN 


Figure  i  Cable  Cross  Sections 
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Mtahulcal  lading. 

Teniltf  Cycling.  One  of  the  development  tasks  wu  to 
determine  the  effect  of  strain  on  the  positioning  of  the 
optical  unit  within  the  optical  ground  wire.  The 
primary  concern  waa  the  poaaibiiity  of  the  optical  unit 
migrating  axially  during  aucccaaive  expanalona  and 
contraction*  of  the  cable  structure  due  to  temperature 
changes. 

Bolted  deadends  were  then  attached  to  a  IS  meter 
sample  of  the  OPT-GW  cable  with  approximately  3 
meter*  of  OPT-GW  extending  beyond  each  deadend. 
The  cable  waa  then  atripped  back  in  layers  to  expose 
the  optical  unit  and  optical  fiber*.  The  length*  of  the 
wire,  pipe,  optical  unit,  and  the  fibers  thus  exposed 
were  recorded  as  reference  points  for  the  data  taken 
during  the  feat  (See  Figure  i). 


601 f CD 
0CA0CK0 


riOCRS  ->y 

OPTICAL  UHIT->^ 
ALUMINUM  PIPE 


OPT-GW 


Figure  2  Tension  Cycling  Setup 

The  test  was  set  to  cycle  from  15%  RBS  to  40%  RBS 
for  a  apeciflc  number  of  cycles  after  which 
measurements  or  the  wire,  pipe,  optical  unit,  and  fibers 
were  taken  to  monitor  any  change  from  initial 
condition*.  A  total  of  220  cycles  were  run,  simulating 
30-40  year*  of  service.  There  was  no  change  in  the 
wire  or  pipe  measurements  indicating  no  slippage  in 
the  deadend*.  There  was  no  change  and  therefore  no 
migration  in  the  optical  unit  either.  The  only  change 
noted  in  the  fiber  measurements  was  a  decrease  in  the 
fiber  length  equal  to  the  elongation  of  the  cable.  Thus 
the  fiber  was  free  to  move  in  relation  to  the  cable 
structure  and  relieve  any  induced  stresses. 

Tensile  vs.  Strain.  A  fiber  strain  versus  cable  strain 
test  was  performed  to  characterize  the  tensile  behavior 
of  the  deslga  The  cable  was  elongated  a  known 
amount  while  the  fiber  length  and  attenuation  were 
being  monitored.  The  difference  between  fiber  and 
cable  length  was  taken  to  be  the  fiber  excess  length. 
The  test  equipment  consisted  of  a  tensile/bend 
machine  and  a  Photon  Kinetics  Model  2300 
disperslon/strain  measurement  system. 

The  pipe  was  removed  approximately  1  1/2  meters 
from  each  end  to  expose  the  optical  unit  and  fibers. 
Fittings  were  used  to  secure  the  optical  unit  to  the 
aluminum  pipe.  The  fibers  were  also  secured  by 
epoxying  them  to  the  inside  of  a  cleaned  section  of 
optical  unit  and  splinting  this  section  to  the  end  of  the 
specimen's  optical  unit  with  a  section  of  the  aluminum 


pipe.  One  fiber  was  selected  ae  an  optical  path  for  the 
fiber  strain  measurement  With  a  gauge  length  of  50 
meters  divided  between  two  spans  a  0.5%  strain  value 
would  be  reached  at  a  ram  displacement  of  127.5  mm 

The  sample  was  strained  to  0.25%  and  0.5%,  0.7%, 
0.83,  0.9%  and  1.1%  over  the  course  of  20  minutes. 
After  the  test  the  pipe  was  measured  dimensionally  and 
for  tensile  elongation  to  determine  the  degree  of 

"-ss/straln  imparted  to  the  sample.  The  final  cycle 
took  the  specimen  to  failure  at  approximately  1.13% 
elongation.  Several  data  points  were  taken  to  establish 
the  linearity  of  the  fiber  strain  as  compared  to  pipe 
elongation.  Figure  3  shows  the  stairstep  plot  of  the 
various  strain  levels.  The  fiber  strain  measurements 
taken  at  the  lower  pipe  elongation  values  may  be  biased 
to  the  low  aide  due  to  the  slight  bend  in  the  pipe  which 
were  straightened  out  at  the  higher  tension  levels.  The 
data  would  indicate  that  excess  length  increases  with 
higher  cable  strain.  This  is  probably  due  to  an  Increase 
in  the  effective  refractive  index  or  the  fiber  due  to 
stress.  The  average  of  all  measurements  agrees  with 
the  physical  measurement  to  within  0.1%.  There  was 
no  change  in  optical  power  up  to  the  point  of  pipe 
failure. 


0.5 
0.4 
0.3 

Filtr  Sirtln 

0,2 
0.1 
0.0 

1  21  41  61  81  101  121 

Time 

Figure  3  Fiber  Strain  vs  Time 

Physical  measurement  of  the  pipe  alter  the  test 
showed  a  reduction  in  diameter  of  approximately  0.05 
mm  and  a  tensile  elongation  at  break  of  0.3%.  Hard 
drawn  aluminum  normally  experiences  tensile  failure  at 
approximately  1%.  The  sample  had  already  been 
elongated  to  over  1%,  therefore  this  result  is  not 
surprising. 

Sheave  Te^t  The  sheave  test  is  performed  to 
evaluate  how  a  design  will  withstand  the  bending  and 
lateral  forces  encountered  during  installatioa  For  this 
test  the  cable  was  pulled  through  a  610  mm  diameter 
sheave  a  total  of  seventy  times  at  an  angle  of  30*  at  25% 
RBS  (see  Figure  4).  Optical  power  was  monitored 
during  the  test  and  dimensions  of  the  aluminum  pipe 
were  measured  afterwards  to  determine  if  any 
deformation  had  occurred.  An  ovality  of  0.05  mm  was 
induced  by  the  compressive  forces  exerted  on  the 
cable.  This  value  is  well  within  the  design  limits. 
Optical  power  increased  0.05  dB  during  the  test 
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S»UccJfo*J£y.lhatlgU  Another  installation  consid¬ 
eration  is  how  the  optical  unit  will  perform  when 
coiled  inside  a  splice  enclosure.  A  splice  box  was 
therefore  evaluated  for  its  effect  on  the  optical  power  of 
the  colled  and  spliced  optical  unit. 

A  section  of  cable  was  prepared  in  accordance  with 
Installation  instructions  for  the  Alcoa  Fuiikura  splice 
box.  Approximately  1.5  meters  of  the  optical  unit  was 
left  protruding  from  the  end  of  the  OPT-GW  section 
outside  the  splice  box.  The  remainder  of  the  10  meter 
sample  stretched  from  the  entry  port  on  the  inside  of 
the  splice  box,  around  a  cylindrical  mandril  and  back  to 
the  work  surface  (this  was  done  to  remove  any  colling 
memory  inherent  to  the  sample).  Fittings  were  used 
to  prevent  movement  of  the  optical  unit  through  the 
splice  box.  A  profile  alignment  frision  splicer  was  used 
to  concatenate  four  fibers  randomly  selected  from  each 
or  the  three  subunits  within  the  optical  unit  One  end 
of  the  concatenated  fiber  path  was  connected  to  a 
1550nm  LED  and  the  other  end  was  connected  to  an 
optical  power  meter. 

The  procedure  for  coiling  the  optical  unit  consisted 
of  moving  the  cylindrical  mandril  closer  to  the  work 
bench  and  then  colling  the  optical  unit  into  the  splice 
box  (re;  Cable  "A’,  Figure  5).  The  use  of  the  cylindrical 
mandril  prevented  sudden  colling  of  the  whole  unit  A 
reading  was  taken  after  each  coil  was  placed  in  the 
aplice  box. 


Optical  power  increased  during  the  initial  movement 
of  each  coil  but  settled  down  to  negligible  change  once 
movement  stopped.  Therefore  colling  the  optical  unit 
into  the  splice  box  will  not  have  a  derogatory  effect  on 
optical  power. 


if  It  is  necessary  to  secure  the  optical  unit  against 
axial  movement  in  the  splice  box,  then  processing  as 
well  as  environmental  effects  must  be  taken  into 
account.  Table  1  shows  the  expected  range  of  post 
extrusion  shrinkage  from  an  optimized  process. 


Sample 

Esam 

Temp  (*C) 

Std  Dev 

1A 

120 

85 

0.37 

- 

IB 

IX 

85 

0.37 

0.000 

1C 

IX 

85 

0.36 

- 

ID 

IX 

85 

0.36 

0.015 

2A 

IX 

65 

0.X 

0.006 

2B 

IX 

65 

OX 

- 

2C 

IX 

65 

OX 

- 

2D 

IX 

65 

OX 

0.007 

Table  1  Optical  Unit  Shrinkage 

Using  the  worst  case  of  shrinkage  plus  the  maximum 
expected  short  term  cable  elongaticn  results  in  a  force 
imparted  to  the  optical  unit  at  the  strain  relief  device 
of  approximately  17  kg*  A  test  was  devised  whereby  25 
kg  were  hung  from  the  optical  unit  which  was  being 
held  in  a  stationary  fixture  for  30  days.  The  permanent 
deformation  of  the  optical  unit  was  negligible. 


Environmental  Testing. 

Temperature  Cycling/Aging  Attenuation  was  meas¬ 
ured  by  OTDR  after  each  manufacturing  stage  and  the 
cable  was  put  into  a  walk  In  environmental  chamber  for 
temperature  cycling  and  ageing  in  accordance  with 
BUXCOXX  specification  TR-TSY-OOOOX.  All  except  one 
fiber  from  each  of  the  three  units  were  fusion  spliced 
to  form  an  optical  path  approximately  33  km  long. 
This  path  was  monitored  continuously  for  the  duration 
of  the  test.  The  other  three  fibers  were  measured  by 
OTDR  at  the  end  of  each  temperature  soak. 

The  average  baseline  attenuation  at  1550  nm  was 
0.21  dB/km  with  a  maximum  of  0.24  dB/km.  The  cable 
was  exposed  to  temperatures  from  -40*C  to  +65*C  plus 
a  five  day  exposure  to  +85*C.  The  highest  average 
attenuation  throughout  this  exposure  was  0.25  dB/km 
with  a  maximum  of  0.34  dB/km. 

Vibration  A  20  meter  sample  cable  was  subjected  to 
an  aeolian  vibration  for  100,000,000  cycles  at  50*5  Hz 
with  a  free  loop  amplitude  of  3  mm  and  tension  of 
25%  RBS.  this  combination  of  frequency  and  amplitude 
simulates  lifetime  field  conditions  of  13.5-16  km/hr 
winds. 

During  the  first  eight  hours  of  the  test  the  fibers 
experienced  an  increase  in  optical  power  of 
approximately  0.03  dB  due  to  reorientation  of  the  fibers 
to  a  more  stable  equilibrium  position.  For  the 
remainder  of  the  test  (>720  hrs)  the  optical  power 
fluctuated  from  this  value  less  than  *  0.01  dB.  This 
condition  is  attributed  to  the  normal  variation  in  the 
measurement  system.  (See  Figure  7).  Inspection  of 
the  cable  after  completion  of  the  test  revealed  no 
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advent  effect  due  to  fatigue. 


VIBRATION  rtOTQR 


DEAD  WEIGHT  MONITOR  &  CONTROL 

STATION 


Figure  6  Vibration  Span 


(hrs) 


mu 

\h 

(MA2sec) 

mSsu  ■ 

S  37.9  i 

1  14.8 

138.2 

1 18.4  i 

Primary  RcuuU, 

Thia  project  has  reaulted  in  a  3.5%  reduction  in 
diameter  for  36  fiber  cable  and  an  il.1%  reduction  for 
48  fiber  cable.  The  deaign  hac  been  subjected  to  and 
passed  relevant  industry  performance  requirements. 
The  design  change  also  resulted  in  the  elimination  of 
one  manufacturing  step.  The  elimination  of  this  step 
removes  a  source  of  variation  In  the  manufacturing 
process  and  therefore  enhances  the  long  term 
reliability  of  the  product 
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Figure  7  Optical  Power  vs  Time;  Aeolian  Vibration 


References. 


Vertical  Rise  There  are  two  concerns  associated 
with  vertical  rise.  The  first  is  whether  the 
waterblocking  gel  will  leak  out  at  the  termination 
points  due  to  hydrostatic  pressure.  A  10  meter  cable 
sample  was  hung  vertically  for  more  than  60  days  with 
a  flask  under  the  open  bottom  end  to  catch  any  gel 
which  might  leak  out  Measurements  of  protrusion- 
retraction  were  made  periodically.  Only  a  slight  oil 
separation  was  observed 

Three  samples  were  hung  in  a  catenary  loop  and 
vibrated  at  low  frequency  and  high  amplitude  to 
determine  if  or  by  how  much  the  optical  fibers  would 
‘bunch  up*  at  the  midpoint  of  a  spaa  Measurements 
were  made  periodically  to  on  the  amount  of  fiber  that 
either  protruded  from  the  optical  unit  or  retracted  into 
the  optical  unit  This  test  was  not  completed  In  time 
to  include  data  in  this  report 


Electrical  .Testing. 

Fault  Cun-ent  As  mentioned  in  the  abstract,  one  of 
the  primary  functions  of  an  OPT-GW  cable  is  to  act  as  a 
grounding  circuit  In  order  to  test  this  capability  a 
target  short  circuit  value  of  136kA2  sec  was  applied  to 
each  of  four  three  meter  samples.  The  sample  was 
allowed  to  cool  down  to  ambient  temperature  after  the 
short  circuit  was  applied  The  sample  was  then 
inspected  visually  for  any  physical  damage,  this 
procedure  was  repeated  a  total  of  ten  times  for  each 
sample.  After  completion  of  he  tests  the  optical  units 
were  removed  and  visually  inspected  for  damage, 
charring,  etc.  No  adverse  effects  were  found  on  either 
the  metallic  or  plastic  portions  of  the  cable.  The 
summary  Pt  values  are  shown  in  the  table  below. 


1.  Alcoa  SAG  10  software 

2.  Transmission  Line  Reference  Book.  'Wind-Induced 
Conductor  Motion*.  Electric  Power  Research 
Institute,  Palo  Alto,  CA.  1960. 

3.  Various  internal  test  reports,  Alcoa  Fujikura.  Ltd 
Spartanburg,  SC. 


Appendices. 

Summary  of  test  result* 


Mechanical. 


Tensile  Cycling 

20-25  mm  fiber  contraction 

Tensile  vs  Strain 

no  attenuation  change 

Sheave 

0.05  dB  gala  70  passes 

Splice  box 

0.01  dB  gala  8  colls 

Environmental 

Mi  JUT  I  I  ■  ■ 


Temperature  Cycling 

i  0.25  dB/km.  -40*  C  to  +85‘C 

Vibration 

i  0.04  dB  gain 

Vertical  Rise 

alight  oil  separation 

Fiber  Migration 

none  found 

Electrical 

|Fault  Current 

136  kA2-sec,  no  damage 

Diameter  Comparisons 


Existing 

Proposed 

All  Dielectric 

Diameter  (mm) 

15.95 

15.2 

15.3 
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Author 


150  m  span 


1 _ Sag  (m) _ 

Tension  (kj 

Hi 

Loading 

Exist 

EZ1 

ksdi 

Exist 

ESI 

Eli 

Light 

0.9 

KOI 

4.1 

3744 

EEH 

mm 

Medium 

1.2 

1.2 

KH 

3777 

ETTEf 

ElSI 

Heavy 

1.8 

1.8 

B3SM 

EE3 

1  Sag  (m)  ~~ 

Tension  (kj 

to _ i 

Loading 

Exist 

ESI 
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Exist 

ESI 

Em 

Light 

a3 

ai 

— 

■ran 

Esa 

Medium 

4.3 

4.1 

— 

4120 

3743 

— 

Heavy 

5.8 

- 

ZVTPk 

... 

- -  , 

■■■■■! 

1  .  Sag (m)  ~ 

Tension  (kj 

H 

Loading 

Exist 

BS1 

e sa 

Exist 

ESI 

urn 

Light 

09 

msm 

— 

4050 

— 

Medium 

&6 

8.2 

— 

msm 

ETUI 

— 

Heavy 

11.0 

10.8 

- 

5376 

5001 

— 
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A  Unlqu*  Approach  co  Air  Pressurized  Optical  Cabla 
Employing  Standard  Flbtr  Tubas 

Kandy  J.  Smith,  T.  Eng.  fc  Neale  E.  Felskc 

Northern  Talacon  Canada  United 


lACmOUND 

Dynamically  air  pressurised  cables  have  bean 
used  as  a  means  of  purging  humidity  from 
conventional  copper  communications  cables  and  as 
a  means  of  sheach  fault  detection  for  many 
years.  Air  pressure  systems  and  equipment 
already  In  place  and  operating  allow  for  the  use 
of  air  pressurised  optical  cable.  A  need  exists 
In  the  marketplace  for  pressurised  optical  CAble 
which  exhibits  the  fiber  performance 
characteristics  and  rugged  mechanical  properties 
of  filled  cable  using  loose  buffered  fibers. 


mmmmx 

The  use  of  established  cable  prossurlsaclon 
systems  for  standard  copper  communications 
cables  provides  the  need  for  a  dynamically 
pressurised  optical  cable  exhibiting  the  same 
optical  and  mechanical  performance  found  In 
filled  cables.  A  unique  hybrid  cable  design  was 
developed  co  meet  the  air  flow  requirements  of 
standard  telecommunications  air  pressure  systems 
and  co  provide  a  product  co  meet  the 
specifications  rcqulrad  In  today's  modern 
outside  plant  optical  cables.  A  core  was 
developed  which  allows  for  a  variety  of  loosa 
buffered  fiber  cubes  and  twisted  PIC  pairs  to  bo 
Jacketed  with  standard  slnglo  or  multiple 
sheaths.  Northern  Telecom’s  Optical  Cable 
Division  Is  manufacturing  an  exclusive  air 
prossurlzed  version  of  Its  TUBESTAR  outside 
plant  dastgn  fully  capable  of  meeting  Ballcore 
specification  TR-TSY-000020,  Issue  A.  Due  to 
the  nature  of  pressurised  cable,  sections  5.1.7 
Cable  Freoslng  and  5.1.8  Resistance  co  Uaccr 
Penetration  do  not  apply  co  pressurised  cable. 
As  In  the  filled  TUBESTAR  cable  design,  superior 
mechanical  performance  Is  provided  over 
conventional  loose  cube  cables  In  terms  of 
crush,  Impact,  and  twist  requirements. 

Tho  unique  feature  of  the  air  pressurised 
TUBESTAR  design  is  the  active  purging  of 
humidity  throughout  Che  core  and  the  passive 
repelling  of  water  provided  by  the  gel  filled 
buffer  cubes.  This  paper  will  summarize  the 
applied  development  work  such  chat  an  acceptable 
pnouaacic  resistance  was  obtained  for  use  In 
oxlsclng  air  prossuro  systems. 


The  novel  concept  of  fully  filled  cubes  In  a 
pressurised  core  raises  the  question  of  filling 
compound  flow  duo  to  the  static  pressure  on  the 
cable  cross  section. Tills  concern  Is  addressed  by 
presenting  test  data  on  aged  and  unaged  cubes  at 
elevated  temperatures  exposed  to  static  air 
pressure. 


CABLE- PE SICK 

The  design  Incorporates  conventional  loose 
buffered  fibers,  slnglo  mode  or  multimode,  in  a 
nylon  cube.  Any  number  of  fibers  from  two  to  12 
may  be  contained  within  the  filled  cube.  The 
buffer  tubes  are  then  Inserted  Into  a  slotted 
cablo  core.  The  scar  shaped  core  profile  has 
been  precisely  designed  to  position  the  tubes 
around  the  central  strength  member.  Enough  air 
passages  are  available  nioond  the  tubas  to 
provide  sufficient  air  flow  to  effectively  purge 
humidity  from  tho  cable  and  utilise  flow  sensors 
as  an  alarm  In  rhe  event  of  sheath  damage. 
Those  air  passages  are  all  Interconnected  co 
ensure  free  air  flow  throughout  the  cable 
structure.  Ocher  aircore  cables  using  tubed 
fiber  are  available  However,  In  chose 
designs,  unflllod  cubes  of  fiber  aro  bundled 
around  a  central  strength  member  In  conventional 
loose  tube  cabling  fashion.  Tho  drawback  to 
this  design  Is  the  very  high  pneumatic 
resistance  caused  by  the  cablo  coro.  Much  of 
tho  path  for  air  flow  Is  provided  by  the  hollow 
cubes  acting  as  air  pipes.  In  a  core  which  is 
highly  resistive  co  air  flow,  humidity  and 
condensation  can  build  up  around  the  tubes 
resulting  In  possible  long  term  corrosion  of 
metallic  components.  In  the  event  of  shoach 
darango,  a  change  In  flow  rate  or  pressure  drop 
would  be  difficult  Co  detect.  Clearly,  damage 
would  have  to  result  co  tho  fiber  cubes 
themselves,  which  in  most  cases  would  result  In 
broken  fibers. 

Tho  concept  of  filled  fiber  tubes  in  an  nlrcorc 
cable  provides  extra  protection  co  the  fibers  by 
way  of  tho  tube  buffering  gel,  while  still 
allowing  dynamic  pressurization  and  froo  air 
movement  through  tho  core  and  sheach.  This 
provides  a  design  which  allows  enough  air  flow 
without  having  to  depend  solely  on  the  core 
slots  to  protect  unbuffered  fibers  ns  in  the 
open  chnnnol  design. 
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AIR  PRESSURI2ED 
TUBESTAR 
OPTICAL  CABLE 


t  CENTRAL  STRENGTH  MEMBER 
t  hitltu  f-wfcK  iuee 
3.  HOPE  CORE  EXTRUSION 
i.  TWISTED  COPPER  PAIR 

5.  RIPCORD 

6.  COL  WRAP  TAPE 

7.  COR.  UGATED  STEEL  ARMOUR 

8.  MOPE  OUTER  JACKET 


If  sheath  (Linage  occurs  In  this  case,  flow 
and  pressure  alarms  are  easily  activated  while 
the  fibers  remain  IntAct  and  buffered  by  a  layer 
of  gel  Inside  the  cube  protecting  the  fibers 
froa  water. 


mUXATIC  RESISTANCE  REQUIREMENTS 

The  objective  of  the  cable  design  was  to  achieve 
the  lowest  pneumatic  resistance  possible  while 
still  maintaining  fiber  and  copper  pair  counts 
commonly  required  by  users.  Much  difficulty  was 
encountered  In  crying  to  sec  an  upper  limit  for 
pneumatic  resistance.  There  appeared  to  be  no 
common  specification  In  the  Industry.  Utility 
companies  would  accept  a  pneumatic  resistance  as 
high  as  10.  (Mote  that  the  unit  of  measure  for 
pneumatic  resistance  Is  psl/kfc/fcvhr)  Telcos 
quoted  only  the  Bell  Canada  requirement  for 
pneumatic  resistance.  Upon  further 
Investigation,  Ic  appeared  that  a  Bell  Canada 
upper  limit  of  S  was  derived  only  from  the  past 
performance  of  an  open  channel  slotted  core 
design  where  cho  fibers  lay  loosely  In  the  V- 
grooves  of  the  core.  Ic  was  readily  apparent 
that  for  the  same  empty  core  cross-sectional 
area,  the  addition  of  filled  cubes  would 
dramatically  Increase  the  pneumatic  resistance 
over  that  found  for  fibers  laying  loosely  In  the 
slots  of  a  open  channel  core. 

JACKET  EFFECTS 

Jacket  configuration  appeared  to  have  an  effect 
on  the  total  pneumatic  resistance  for  the  cable. 
As  successive  jackets  were  added  to  the  core, 
additional  air  paths  were  created.  A  single 
polyethylene  Jacket  extruded  over  the  core  would 
result  In  the  highest  pneumatic  resistance  for  a 
given  fiber/copper  count.  Tne  type  of 
construction  of  the  second  Jacket  could  lower 
the  original  pneumatic  resistance  f/und  with  the 
plain  poly  first  Jacket  by  as  much  as  10  •  20». 
Some  factors  Affecting  pneumatic  resistance  In 
che  sheath  Include: 


1. 

Corrugated 

versus  smooth  metallic  sheaths. 

2. 

Presence 

of  nrnald 

fibers 

and  their 

location 

in 

che 

cable. 

3. 

Use  of 

core 

wrapping 

tapes. 

A. 

Clearances 

provided 

by  the 

siting  of 

forming  tooling. 


EXPERIMENTAL  CABLE  TRIALS 

Early  development  began  on  the  10mm  TUBESTAR 
core  using  6-fibcr  tubes  with  22  AWC  copper 
pairs  In  order  to  establish  Cho  pneumatic 
resistance  limits  of  che  core.  In  addition, 
experiments  were  sec  up  to  cry  to  predict  che 
individual  contribution  to  pneumatic  resistance 
given  by  a  single  tube  and  single  copper  pair  In 
che  core  slot. 
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With  this  Information,  Ic  was  thought  that 
a  pneumatic  realacanee  nodal  could  ho  created  to 
predict  the  total  resistance  of  the  cable  using 
a  coablnaclon  of  available  flow  area  and  a 
parallel  resistor  network  approximation.  After 
obtaining  Individual  resistance  values  for  the 
cable  components,  predicted  pneumatic  resistance 
and  actual  measured  values  correlated  poorly. 
Factors  that  can  affect  the  measurements  are 
core  lay  length,  core  over  wrap  and  sheath  type, 
tube  and  copper  pair  fit  In  the  slots,  and  cable 
end  preparation.  Because  of  these  variables, 
attempts  to  make  theoretical  predictions  for 
pneumatic  resistance  were  abandoned  and, 
wherever  possible,  a  short  sample  cable  was 
manufactured  and  pneumatic  resistance  was 
measured  for  the  given  fiber/copper  count, 
table  1  shows  a  summary  of  the  experimental 
configurations  tested  and  results  obtained. 

After  Initial  trials  and  experiments  using  the 
standard  10mm  core,  much  of  the  development 
thrust  was  placed  on  a  12om/6  slot  TURKS TAR  core 
for  Bell  Canada  requiring  12* fiber  tubes  and 
non-standard  heavy  wall  copper  pairs.  This 
design  can  provide  a  cable  with  a  maximum 
loading  of  A 8  fibers  and  two  copper  pairs  while 
still  achieving  a  pneumatic  resistance  of  less 
than  10.  A  lower  resistance  can  be  achieved  by 
eliminating  the  requirement  for  copper  pairs. 
Depending  on  the  absolute  upper  limit  of 
pneumatic  resistance,  a  maximum  loading  of  72 
fibers  with  no  copper  pairs  can  be  achieved. 

SILJCREEL-VyCEUaiSSSM 

As  mentioned  previously,  concern  was  expressed 
regarding  the  movement  or  creeping  of  the  tube 
filling  gel  due  to  static  pressure  over  an 
extended  period  of  time.  In  a  short  length  of 
cable.  A  number  of  tests  were  sec  up  to 
discover  whether  the  filling  gel  would  creep 
Into  splice  closures  or  other  termination 
points.  Initially,  a  two  meter  piece  of  cube 
was  exposed  to  20  psl  at  room  temperature  for  1 
hour.  A  two  meter  length  at  20  psl  was  thought 
to  bo  an  absolute  worse  case  scenario  and  If  no 
gel  movement  was  found,  the  expressed  concerns 
would  bo  unfounded.  Results  shoved  that  the 
filling  gel  had  actually  blown  out  of  the  tube 
and  the  fibers  bad  moved.  Tills  test  was  found 
to  be  too  severe  and  Impractical.  It  was 
decided  that  a  more  realistic  test  was  to  expose 
each  of  three  500  meter  lengths  of  6-fiber  tubes 
to  15  psl  at  room  temperature.  15  psl  was 
thought  to  bo  the  maximum  field  operating 
pressure  that  might  actually  be  used  on  a  short 
length  of  cable.  After  60  days  at  room 
temperature  there  was  no  gel  movement  from  the 
end  of  the  tube  and  the  test  was  discontinued. 

A  larger  cube  containing  12  flbors  was  tested 
for  gel  creep  undor  severe  conditions.  A  50 
meter  piece  of  gel  filled  tube  with  12  fibers  In 
lc  was  aged  for  5  days  et  +85°C.  Following  the 
aging  condition  cycle,  lc  was  then  hold  at 
+70°C  with  a  static  pressure  of  It  psl  applied 
at  one  end  of  tho  cube.  Tho  ocher  end  was  open 
to  the  atmosphere. 
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After  2 4  hour*  no  gel  or  fiber  movement  was 
observed.  In  order  to  determine  a  threshold 
llalc,  the  same  cub*  wa*  then  cue  Into  four 
shorter  pieces.  Each  of  the  5,  10,  IS  and  20 
meter  piece*  failed  within  2A  hours  ac  11  pxl. 
Cel  pooling  wa*  observed.  The  diet  ceaperacure 
va*  chough c  to  be  *oaevh*c  greater  than  what 
alghc  be  expected  In  actual  field  condition*  so 
two  new  cube*  were  tested.  Two  piece*  between 
10  and  20  asters  were  exposed  to  11  p*L  ac 
U0°C  for  four  day*.  Ho  gel  creep  wa* 
observed.  Table  2  show*  a  summary  of  the  gel 
creep  texts. 


All  alrcore  TUBESTAk  cable*  are  designed  to 
withstand  the  saae  mechanical  loading  condition* 
specified  in  Tft-20  for  filled  cable*  with  the 
exception,  of  course,  of  water  penetration. 
Table  3  show*  the  result*  of  aechanlcal  testing 
performed  on  a  12*n/(  slot  core  with  a  single 
steel  armor  and  polyethylene  Jacket.  Individual 
loss  measurements  are  not  shown  for  the 
temperature  cycling  test  however,  the  cable  Is 
capable  of  fully  meeting  the  TR-20  requirements. 

cgttcmsiQMi 

Much  was  learned  from  the  experimental  program. 
An  understanding  of  the  factors  affecting 
pneumatic  resistance  was  obtained  as  well  as  ehc 
contribution  of  various  sheaths,  fiber  count, 
and  copper  count.  Fear  of  static  operating 

]U«xaui«  CnuaiuB  fivl  eewST*  %w  jlwShsd  vU* 

of  the  tubes  was  removed.  Only  under  very  short 
lengths,  less  th*n  20  meters,  ac  temperatures 
above  *A0°C  will  a  small  amount  of  gel  be  moved 
In  the  tube,  Mechanical  and  optical  performance 
of  filled  TU8F.STAR  cable  Is  maintained  In  the 
alrcore  versions,  The  10mm  core  with  6-flber 
tubes  and  the  12mm  core  with  12-flber  tubes 
allows  flexibility  In  system  design  by  providing 
for  a  wide  range  of  fiber  and  copper  count* 
while  still  maintaining  an  operating  pneumatic 
resistance  ranging  from  3  to  8  psl/kfc/fcyhr. 
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FACTORS  AFFECT1NC  MECHANICAL  STRIPPING  OF  POLYMER  COATINGS  FROM  OPTICAL  FIBERS 


J.  R.  Toler  (>  C.  K.  Chlen 


Corning  Incorporated 


Today1*  polymer  coatings  on  optical  liber*  are 
stable  over  a  broad  range  of  environments,  pro¬ 
tect  the  gla**  liber*  curing  cabling  and 
Installation,  and  are  easily  removable  in  the 
Held  lor  staking  connections.  Now  that  liber 
is  stovlng  Iron  its  store  traditional  aopllca- 
tion  in  the  telephony  plant  Into  more  connec¬ 
tor  intensive  applications,  the  ability  to 
rcstove  the  coating  easily  has  Increased  In 
importance. 

The  mechanical  strlppabllicy  ol  a  liber  coating 
Is  evaluated  by  measuring  the  lorce  required 
to  completely  remove  the  coating  Iron  the  liber 
with  a  commercially  available  stripping  tool 
drawn  at  r.  constant  race  along  the  liber. 

This  paper  discusses  the  elleccs  ol  a  variety 
ol  lectors  on  the  stripping  lorce  lor  250 
micron  diameter  coated  libers.  These  lectors 
includei  stripping  Cool  design,  stripping 
speed,  length  ol  liber  stripped,  stripping  in 
hoc  and  cold  environments,  and  varying  liber 
storage  conditions  ol  relative  humidity  and 
temperature. 


Introduction 

In  order  to  connect  optical  libers  to  electronic 
equipment  or  to  one  another,  it  usually  is  necess¬ 
ary  to  remove  Che  coating.  The  most  common  way  ol 
accomplishing  this  is  to  mechanically  remove  Che 
coating  using  stripping  tools  available  lor  this 
purpose.  The  work  described  here  was  undertaken 
to  determine  which  lactora  affect  the  difficulty 
of  this  mcchanlcr.l  stripping  process. 

The  factors  Investigated  Include: 

-  the  length  ol  liber  stripped 

-  the  speed  at  which  the  fiber  is  stripped 

-  the  temperature  at  which  the  fiber  is 
stripped 

-  the  humidity  at  which  the  fiber  is 
stripped 

-  the  design  of  the  stripping  tool 

Three  of  these  factors  were  investigated  in  a 
factorial  design  experiment  as  diagrammed  in 
Figure  1.  The  remaining  two  factors,  humidity  and 
temperature,  were  investigated  separately  due  to 
the  increased  difficulty  of  measuring  the  effects 
of  these. 


OOMMN* 

These  effects  were  evaluated  using  testing 
equipment  shown  In  Flguro  2,  which  1*  very  similar 
to  that  described  earlier.1  The  apparatus  con¬ 
sists  ol  a  fiber-optic  stripping  cool  mounted  on  a 
motorised  stage,  the  speed  and  travel  length  of 
which  can  be  controlled.  The  fiber  l*  mounted  In 
Che  apparatus  such  that  coating  Is  removed  from 
one  end  of  the  fiber  by  the  stripping  tool.  The 
opposite  end  of  the  liber  is  connected  to  a  load 
cell  which  Indicates  the  load  applied  to  the  liber 
a*  the  stripping  tool  Is  moved  at  a  constant  speed 
to  remove  the  coating.  In  this  study,  the  output 
of  the  load  cell  was  fed  Into  a  computer  to  facil¬ 
itate  data  manipulation. 


Corwno 

Fiber*  Evaluated 

Type  IVA  fibers  with  dual  layer  UV-curcd  acry¬ 
late  coatings  were  studied.  The  fiber  coatings 
had  an  outside  diameter  of  250  urn.  The  coated 
fibers  were  typical  of  those  commercially  available 
for  use  in  loose-tube  telecommunications  cables. 
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Tvpftir  Of  StrlnntnK  T^oia  Invent  I  sated 

Three  stripping  tool  designs  were  Investigated 
In  this  study. 

The  first  of  these,  designated  Type  A,  Incor¬ 
porates  blades  that  corn*  together  like  the  blades 
ol  a  pair  of  scissors.  The  blades  each  have  a 
semicircular  hole  In  the  cutting  edge.  On  closing 
the  blades,  these  holes  cone  together  to  form  a 
hole  slightly  larger  than  the  diameter  of  the  glass 
part  of  the  optical  fiber  U?$  uni.  This  type  of 
tool  has  no  guides  to  keep  the  fiber  perpendicular 
to  the  blades  and  aligned  with  the  blade  holes. 

The  second  type,  designated  Type  B,  contains 
blades  that  close  around  the  fiber  In  the  sane 
plane  (butting  blades).  This  type  also  has  a  seal- 
circular  hole  In  eaeh  blade,  which  come  together 
to  torn  a  circular  hole  slightly  larger  than  the 
glass  part  of  the  optical  fiber  (12$  ua).  The  Type 
U  tool  Incorporates  neial  supports  with  vee-shaped 
grooves  close  to  the  blades  to  hold  the  fiber  In 
alignaent  with  the  blade  hole  during  the  stripping 
process. 

The  third  type,  designated  Type  C,  Is  similar 
to  Type  B  In  that  It  also  has  butting  blades  that 
close  around  the  fiber  In  the  same  plane.  Instead 
of  supports  on  either  side  of  the  blades  as  Type  B 
has,  Type  C  Incorporates  a  octal  tube  to  aalntain 
fiber  alignaent  with  the  blades  during  stripping. 

All  three  types  of  stripping  tools  are  available 
in  a  variety  of  alass  for  stripping  fibers  with 
different  glass  diameters  or  different  coating 
dlaaeters. 

Kffect  Of  The  length  Of  fiber  Stripped 

The  length  of  coating  stripped  In  one  pass  of 
the  stripping  tool  varies  with  the  person  doing  the 
strlpplig  or  the  test  nethod  specified.2  The 
effect  on  peak  strip  foice  of  different  scrip 
lengths  between  l  and  S  Inches  (25.4  to  127  an) 
vat  evaluated  using  three  commonly  available  strip¬ 
ping  tools.  The  results  are  shown  In  Figure  3. 
Comparing  the  three  types  of  tools,  the  scissors 
blade,  Type  A,  showed  the  highest  peak  strip  forces 
and  the  highest  variation  The  stripping  tool  of 
butting  blade  Type  B  showed  results  that  overlapped 
with  those  of  the  sclssors-type  tool.  The  butting 
blade  Typo  C  showed  the  lowest  peak  strip  forces 
at  all  lengths  Investigated  and  the  lowest  overall 
variation. 

These  results  clearly  Indicate  that,  for  the 
tools  tested,  the  length  of  coating  removed  In  one 
pass  does  not  strongly  affect  the  peak  strip  force 
for  250  urn  diameter  fiber  coatings. 


Effect  Of  Stripping  Length  And 
Tool  On  Peek  Strip  Force 


Stripping  speed  was  evaluated  since  this  nor¬ 
mally  Is  uncontrolled  in  field  Installation,  and 
repair  of  optical  fibers  and  potentially  Is  a 
factor  In  the  force  required  to  remove  the  coating 
from  a  fiber.  Typically,  field  personnel  strip 
coating*  frota  fiber  at  speeds  estimated  to  be 
between  1$  and  60  Inches  per  minute. 


Figure  6  shows  ih»  peak  strip  force  developed 
during  the  stripping  of  a  3  Inch  length  of  coaling 
at  speeds  between  1  and  60  Inches  per  minute. 

Tool  types  A  and  B  give  algnlf Icantly  higher  forces 
at  all  speeds  than  does  tool  type  C.  Each  of  the 
tools  appears  to  give  a  slightly  higher  force  at 
20  Inches  per  minute  than  at  higher  or  lower 
speeds.  For  all  three  tools,  variability,  reprce 
sented  by  the  one  sigma  limits  shown,  decreases  as 
speed  Increases, 

Effect  Of  Stripping  Spttd  And 
Tool  On  Ptak  Strip  Foret 


Results  from  this  study  show  chat  the  peak 
strip  force  depends  core  on  the  tool  selected  than 
on  the  speed  of  stripping.  Peak  strip  forte  was 
not  found  to  vary  widely  over  the  range  evaluated. 
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Effect  Of  The  Temperature 
At  Witch  The  Fiber  Is  Scjrjj£oJ 

The  effect  of  temperature  on  the  force  required 
to  remove  the  coating  was  evaluated  since  filters 
are  stripped  in  the  field  under  a  wide  range  of 
temperatures.  the  fibers  were  conditioned  and 
teated  at  tewperaturea  fro*  -30°  to  460°  C. 

Figure  5  shows  the  results  for  230  urn  diameter 
coated  fiber  using  a  type  B  stripping  tool,  the 
line  at  each  temperature  shows  th«  one  standard 
deviation  Units,  there  appears  to  be  no  signlfl* 
cant  difference  between  the  force  required  at  roots 
temperature  (230C)  and  at  -30«G.  the  force  re¬ 
quired  at  G0°C  is  significantly  lover  than  either 
of  these.  One  explanation  of  the  decrease  at 
higher  temperatures  Is  the  relaxation  of  the 
-econdary  coating.  One  of  the  factors  believed  to 
<>..crol  strip  force  is  the  mechanical  adhesion  of 
the  primary  coating  to  the  glass  surface  of  the 
fiber,  the  secondary  coating  shrinks  as  it  cures 
and  coapresslvely  loads  the  priaary  coating  under¬ 
neath  inereaaing  the  mechanical  adhesion  of  the 
primary  coating  to  the  glass.  When  tho  secondary 
coating  Is  heated,  It  relaxes  and  reduces  Its 
compressive  loading  of  the  primary  coating.  This 
results  In  a  lowered  strip  force. 

Peak  Fore*  As  Function  Of 
Tomparature 


'-~.ro 

i*ot 


coon 

These  results  lead  to  the  conclusion  that  temp¬ 
erature  has  little  or  no  effect  on  peak  strip 
force  for  temperaturos  below  room  temperature.  At 
higher  temperatures,  peak  strip  force  declines  and 
the  reason  is  postulated  to  be  a  change  in  coating 
properties. 

Effect  Of  llumidttv 

Since  humidity  in  the  atmosphere  surrounding 
optical  fiber  ends  being  instilled  or  repaired  is 
another  factor  that  potentially  might  affect  tho 
difficulty  with  which  the  coating  can  be  removed, 
it  was  evaluated *to  sec  how  strong  Ice  affect 
would  be.  The  peak  strip  force  of  a  250  •!■  M'r 
as  a  function  of  relative  humidity  was 
The  fibers  were  conditioned  in  chambers  with  v. 
lous  relative  humidities,  all  at  room  temperature, 
for  24  hours  prior  to  testing.  The  fiber  coatings 
were  then  stripped  from  the  tert  fibers  immediately 
on  their  removal  from  the  chamber  (at  a  rate  of  1 
inch/minute  with  a  strip  length  of  one  inch).  As 
can  be  seen  in  Figure  6,  the  peak  strip  force 


value  declines  as  the  humidity  increases.  The 
drop  off  in  peak  strip  force  becomes  mere  pro¬ 
nounced  as  the  relative  humidity  Increases  over 
the  50X  to  6Q1  level. 


Impendence  Of  Strip  Fore*  On 
Humidity 


ca  mm 


The  strip  force  of  optical  fibers  coated  with 
UV-curable  acrylatea  changes  as  the  relative 
humidity  of  storage  conditions  and  of  the  test 
environment  changes  for  at  least  two  reasons.  The 
first  of  these  Is  that  the  water  content  of  the 
eoaiing  la  a  function  of  the  relative  humidity. 

As  the  wat«r  content  increases,  mechanical  proper¬ 
ties  such  as  modulus  decrease.  Water  molecules  In 
the  polymer  matrix  function  as  "ball  bearings"  to 
permit  polymer  molecules  to  move  over  one  another 
more  easily-  Absorption  of  water  causes  tho  coat¬ 
ings  to  swell  slightly.  If  no  polymer  bonds  are 
broken  as  a  result  of  the  swelling,  then  a  given 
number  of  crosslinks  it  spread  over  a  larger 
volume  of  polymer  which  must  result  In  a  lower 
modulus.  The  second  reanon  la  that  water  In  the 
coating  can  decrease  the  adhesion  of  the  coating 
to  the  glass  surface  of  the  optical  fiber.  This 
decreases  peak  strip  force  by  making  the  coating 
matrix  easier  to  slide  off  the  fiber. 

Relative  humidity  exerts  a  smaller  effect  on 
peak  strip  force  than  several  of  the  other  factors 
investigated.  Higher  humidities  cause  a  decrease 
in  the  force  required.  This  is  thought  to  be  due 
to  a  change  in  coating  properties  os  the  coating 
absurbs  water  from  the  atmosphere. 

Conclusion 

A  number  of  factors  which  could  influence  the 
force  required  to  mechanically  strip  250  um  dia¬ 
meter  coatings  from  optical  fibers  have  been  in¬ 
vestigated.  Of  these  factors,  stripping  tool 
design  was  found  to  hove  the  greatest  influence. 
One  design  was  found  to  require  a  significantly 
.  ».r  force  than  the  other  two  types.  The  temper- 
;*»ure  of  the  environment  was  found  to  have  the 
,.-  "ond  irrgest  effect.  Humidity  in  the  cnvlron- 
-ri:  had  a  smaller  effect  and  stripping  length 
and  stripping  speed  had  the  smallest  effects. 


International  Wire  &  Cable  Symposium  Proceedings  1989  511 


Reference* 


1.  J.  Hoses  And  H.  Sigmon,  ’’A  Ton  for  Optical 
Fiber  Costing  Strippablllty",  IUCS  Symposium 
Proceeding*,  1987,  pp.  163  ■  168, 

2.  Held  perionnel  have  been  reported  to  strip 
anywhere  from  one-quarter  Inch  to  3  Inehes  or 
more  with  one  pass  of  the  toot,  FQTP-178, 
currently  being  developed  by  the  TIA,  specifies 
a  strip  length  of  30  mm  for  230  vm  diameter 
fiber  and  IS  mm  for  300  to  900  urn  diameter 
fiber. 


J.  Richard  Tolel 
Corning,  Incorporated 
SP-DV-01-8 
Corning,  NY  14831 


Dick  Toler  was  born  In  Richmond,  Virginia.  He 
received  his  H.S.  in  Chemistry  from  Virginia 
Commonwealth  University  and  his  I'h.  D.  degree  In 
Organic  Chemistry  from  the  Un'vcrslty  of  Virginia 
in  1975.  He  worked  with  Owens-Coming  Ftberglas 
Corp.  until  1986  when  he  Joined  Corning,  Incor¬ 
porated  uhere  he  is  currently  Supervisor  of 
Optical  Fiber  Costing  Development. 


Ching-Keo  Chtcn 
Corning,  Incorporated 
Sp-DV-01-8 
Corning,  NY  14831 


Chlng-Kee  was  born  In  China,  lie  received  his 
B.S.  degree  in  Chemistry  in  Taiwan  and  his  i'h.  D. 
degree  In  Polymer  Chemistry  from  the  State  Univer¬ 
sity  of  New  York.  After  working  at  the  Carnegie 
Mellon  Institute  and  City  College  of  New  York,  he 
Joined  Corning,  Incorporated  in  1935  uhere  he  has 
worked  on  coating  development  for  optical  fibers. 


512  International  Wire  &  Cable  Symposium  Proceedings  1989 


AN  ENVIRONMENTALLY  SEALED  TERMINAL  BLOCK 
WITH  ROTARY  CONNECTION 

Erwin  Oe&uydwr  JamesPinyan  GoobShimirak 


RAYCHEM  COOP. 
Fuquay-Varina,  NC 

ABSTRACT 


Design  requirements  for  an  environmentally 
sealed  terminal  block  art  established  In  order  to  meet 
the  enhanced  transmission  requirements  of  outside 
plant  talaoommunications. 

A  mval  alactrlcal  connactlon  systam,  called 
rotary  connection,  while  usad  in  conjunction  '.•nth  a  gal 
staling  notarial  provides  total  environmental  protection. 

Comprehensive  alactrlcal  and  environmental 
tests  are  discussed  to  show  the  preservation  of  electrical 
Integrity  under  severe  environmental  conditions. 


IHTROPlKaaOti 

The  advent  of  digital  voice,  data  communications 
and  other  future  enhancod  services  is  making  the  trans¬ 
mission  requirements  more  sophisticated.  Many 
attempts  have  been  made  to  stabilize  the  electrical 
characteristics  and  capabilities  of  current  outside  plant, 
with  some  notable  successes.  New  technologies  have 
been  developed  which  effectively  Isolate  exposed 
wirewotk  from  the  ravages  of  moisture,  puHotants,  salt 
Insects  and  flooding,  but  until  recently  these  advances 
have  stopped  short  of  the  terminal  block. 

In  case  of  a  terminal  block,  these  environmental 
conditions  can  cause  acute  and/or  chronic  physical 
changes  due  to  corrosion,  loss  ol  electrical  Integrity  and 
connection  deterioration.  Those  changes  can  affect  the 
characteristic  impedance  and  the  attenuation  factor  of 
the  transmission  line  and  result  in  power/data  loss  and 
notse/crosstalk. 

.  The  characteristic  Impedance  and  the 
attentuatlon  (actor  depend  on  the  following  live 
parameters: 

A.  Series  Inductance  L 

B.  Series  resistance  R 

C.  Interconductor  capacitance  C 

D.  Interconductor  conductance  G.  which  is  the 
reciprocal  ot  the  leakage  resistance 

E.  Frequency! 

Environmental  conditions  can  vary  only  two  ol  these 
parameters: 

A.  Series  resistance 

B.  Interconductor  leakage  resistance 


RAYCHEM  CORP. 

Menlo  Park,  CA 

In  case  of  a  terminal  block,  these  parameters  can  be 
defined  as: 

A.  Contact  resistance  of  every  connection 

B.  Insulation  resistance  between  conductors 

Ideally,  both  parameters  should  be  constant  in  time  over 
**;e  designed  lifetime  ol  the  product  with  the  contact 
resistance  as  low  as  possible  and  the  Insulation 
resistance  as  high  as  possible.  It  met,  these 
requirements  guarantee  an  electrically  stable 
interconnection  under  all  environmental  conditions, 
which  is  desirable  as  well  for  analog  as  (or  digital 
transmission. 


DESIGN  CRITFRIA 

Dased  on  the  previously  mentioned  electrical 
requirements  and  other  field  requirements,  following 
design  criteria  for  an  enhanced  terminal  block  wen? 
established: 

A.  Weatherprool/corroslon  resistant.  This  can 
be  quantified  by  the  following  electrical 
requirements:  a  maximum  ot  2  mUSohms 
Increase  In  contact  resistance  of  every 
connection  and  a  minimum  of  109  ohms 
Insulation  resistance  between  connections 
and/or  ground  over  the  total  designed  file- 
time  of  the  product.  Also,  no  visual  corrosion 
of  any  current  carrying  metal  Is  alowod. 

B.  Resistant  to  temporary  flooding,  up  to  14 
days. 

C.  Availablility  of  a  built-in.  environmentally 
seated  test  capability. 

D.  Quiet  front  for  data  transmission  (no 
exposed  terminal  connection). 

E.  Possibility  ol  built-in  electrical  circuit 
protection. 

F.  Cralt-lrlcnd'iness  which  includes  no  stripping 
of  the  terminated  wires,  multi-gauge  wire 
capacity  and  re-enterability  without  affecting 
the  performance. 
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A  dais  o<  material*  which  art  called  GELS  can 
provide  Mai  environmental  protection  when  combined 
with  a  compatible  design.  A  gel  can  be  described  as  a 
highly  swoNn  macromolecule  structure.  It  is  diherent 
Irom  the  solution  state  because  K  is  cross-linked. 


Dilute  Concentrated  Cel 

Solution  Solution 


Gels  perlorm  the  way  they  do  because  they 
exhibit  the  properties  o(  both  a  Squid  and  a  solid.  In  tact, 
they  art  a  combination  ol  the  two.  Under  compression 
gels  how  and  conform  to  Intricate  shapes  Wke  liquids  but 
their  cohesive  force  Is  greater  than  their  adhesive 
strength  so  they  can  be  handled  as  soHds.  Gels  have 
elastic  memory  and  removal  ol  the  compressive  force  w* 
retract  the  gel.  Table  1  compares  the  properties  ol  a  gel 
with  those  ol  a  grease  and  a  rubber. 


A  novel  connection  system  has  been  designed 
and  Is  used  In  conjunction  with  gel  seaKng  material  to 
establish  electrical  contact.  A  connection,  umfer  to  a  cap 
or  nut  with  a  contact  edge  on  the  bottom,  makes 
electrical  contact  while  cutting  through  the  Insulation  ol 
the  dropwke.  The  center  post  Is  designed  with  a  depth* 
Smiting  shoulder  so  the  connection  cannot  be  tightened 
lar  enough  to  damage  a  lighter  (22  to  24  gauge) 
conductor. 

The  terminal  block,  gel  and  rotary  connection 
function  together.  As  a  drop  Is  Insarted  Into  the  get  tiled 
block  the  gel  envelops  and  clings  to  the  Insulation  ot  the 
conductor,  displacing  any  moisture  on  the  Insulation.  As 
the  rotary  connection  tightens,  cutting  through  the 
Insulation  and  establishing  contact,  surplus  gel  Is 
displaced  into  the  block’s  Internal  reservoir.  As  the 
connection  Is  backed  oh,  tor  disconnect  or  drop  removal, 
the  gel  Is  drawn  back  Into  the  main  cavity  Irom  the 
reservoir.  As  the  drop  Is  withdrawn,  the  self-healing  gel 
refills  the  main  block  cavity.  At  all  times  when  the 
conductor  is  within  the  block,  H  remains  luty  Insulated 
Irom  the  environment. 


TABLE  1 

COMPARATIVE  MATERIAL  PROPERTIES 
C Grasp  C  G*i  CWubbsQ 

Not  Elastic  ■4— ►  Elastic  E ladle 

Flows  l|j  Flowa^-e — 4  Flows 

NoMamory  4— »  Mamory  Memory 

I  1  1 

Liquid  Solid  a  Liquid  Solid  ♦  Liquid 

In  a  lerminaf  block  configuration,  the  gel  must  be 
temperature  stable  and  highly  elastic  to  allow  repeated  re¬ 
entry.  It  must  also  effectively  provide  an  environmental 
seal  without  degrading  the  electrical  contact.  Somo 
typical  physical  properties  are  listed  in  Table  II. 


TABLE  2 

Tormina!  Block  •  Cal  Propartlat 


Tensile  strength 

Minimum 

10*  MPA 

Ultimate  e  longs!  ion 

Minimum 

700% 

Cone  penetration 

Minimum 

240  x  10-,mm 

Hydrolytic  stability 
(7  days.  100*C) 

No  teve'sion 

Volume  resistivity 

Minimum 

to”ohmcm 

Slump  reslstanca 
(16hrs.  100*C) 

No  slump 
or  (tow 

Corrosive  effect 

No  corrosion 

•Figure  1  shows  for  the  3  Installation  steps  a 
single  diagram  ol  the  concept  and  a  sknlalion  ot  the  gel 
functional  behavior. 

Figure  2  Is  doing  the  same  tor  the  breaking  ot 
the  contact  and  the  removal  ol  the  dropwlre. 

A  built-in  strain  relie!  to  protect  the  conductors 
Irom  the  effects  ol  vfcration  and  mechanical  stress  Is 
provided  by  a  gripping  action  on  tha  insulated 
conductor.  This  gripping  action  occurs  between  the 
contact  edge  and  the  block  cavity  wait  and  Is  adjacent  to 
the  area  ot  electrical  contact. 


FIGURE  1 

TERMINATING  A  DROPW1RE 


STEPi: 

ROTARY  CAP  IN  FREE  FLOAT  POSITION 
DROPWIRE  OUTSIDE  THE  GEL 
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DROPWIRE  INSERTED 
WATER  DISPLACEMENT -WETTING- 
SEALING  ACTION  OF  THE  GEL 


STEP  2: 

DROPWIRE  REMOVED 
SELF-HEALING  ACTION  OF  THE  GEL 


STEP  3: 

CONNECTION  MADE 

ELECTRICAL  CONTACT  THROUGH  THE  GEL 


FIGURE  2 

REMOVING  A  DROPWIRE 


BREAKING  OF  THE  CONNECTION 
AND  CO  LINE  TESTING 


PERFORMANCE TESTS 

Performance  nils,  designed  to  Accelerate  real 
life  environmental  conditions,  were  defined  and 
requirements  established. 

The  electrical  and  environmental  tests  to  be 
performed  on  the  Installed  product  can  be  split  up  h  two 
categories:  The  tirst  category  ol  tests  deals  with  the 
Insulation  resistance  between  each  pair  oltip  and  ring 
conductors  while  In  the  second  category  the  locus  Is  on 
the  change  In  contact  resistance  ol  every  connection.  A 
voltage  ol  48  Vdc,  typical  ol  on  hook  battery  voltage,  Is 
supplied  across  tip  and  ring  conductors  during  each  test. 

A.  Environmental  tests  • 

Insulation  resistance  reoulrements 

A  minimum  ol  10*  ohms  Insulation  resistance  between 
tip  and  ring  conductors  Is  required  over  the  total  duration 
ol  every  test.  Insulation  resistance  measurements  shall 
be  made  with  an  applied  voltage  ol  100  Vdc.  The  48  Vdc 
shall  be  temporarily  removed  during  the  measurement 
process. 

1 )  Water  Immersion  test:  The  Installed  terminal 
blocks  shall  be  submerged  In  70*  F  water/5% 
salt  solution  to  a  depth  ol  two  feet  lor  a 
period  ol  14  days. 

2)  Salt  fog  test:  The  Installed  terminal  blocks 
shall  be  exposed  to  a  salt  log  test  ol  5% 
salt  solution,  95*  F  In  accordance  with  ASTM 
B 117  lor  30  days. 

3)  High  humidity  cycling:  The  installed  terminal 
block  shall  be  exposed  to  a  temperature 
cycle  Irom  +40  to  +140*  F  at  95%  R.  H.  lor 
30  days  as  depicted  in  Figure  3. 
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FIGURES 

HIGH  HUMSXTY  CYCLING 


3  •  I  12  IS  1*  21  24 
Tim*  (H»w ») 

Rttetiv*  hvmMity-HK 
(N*«-o*n4*n*mf) 


Prior  to  the  teste,  all  samples  art  subjected  to  a 
conditioning  ot  50  temperature  cyclti,  as  depicted  In 
Figure  4  and  5  re-entries,  performed  on  tvary  dropwire. 
This  sequential  test  program  Is  outlined  in  Flgurt  5. 

FIGURE  4 

TEMPERATURE  CYCLING 
T«np*«»lw*  *C 


2  4  6  t  10  12  14  16 

Tim*  {How*} 


FIGURE  5 

SEQUENTIAL  TEST  PROGRAM 


3)  Heat  aging  test:  The  Instated  samples  shal 
be  subjected  to  158*  F  lor  a  parted  ot  90 
days. 

4)  Salt  tog  test:  The  instated  samples  shal  be 
txpostd  to  a  salt  teg  In  acoordanct  with 
ASTM  B 1 17  (or  90  days. 

5)  Thermal  shock  t#st:  The  Insulted  samples 
shaft  ba  subjected  to  1000  cyclas  as 
daplcted  In  Flgurt  5. 

FIGURE  6 
THERMAL SHOCK 


Additional  tltdrlcal  malarial  and  mtchanlcal  lasts 
compitmant  these  environmental  lasts,  but  art  not  tha 
subject  <A  this  papar. 


CONCLUSION 

As  wall  lor  analog  as  digital  transmission  K  Is 
desirable  to  hava  an  electrically  'slebie'  Interconnection 
at  tha  tarminal  and  this  undtr  all  anvlronmantal 
conditions.  Design  criteria  and  partormanca  lasts  wart 
astabiishad  ter  such  and  anvironmantally  stated  tarminal 
block.  A  novtl  rotary  connaction  design  which  usas  a 
gsl  at  staling  malarial  maats  all  that*  requirements  and 
givas  total  anvlronmantal  protactlon. 
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a.  Environmental  tesla 

Contact  resistance  requirements 

Tne  contact  resistance  ol  every  connection  shall  not 
change  by  more  than  2  milliohms  over  the  duration  ol 
each  test.  Contact  resistance  measurements  trom 
dropwire  to  tail  wire  shall  be  made  using  the  4  wire  test 
method  per  ASTM  B539-80. 

1)  Temperature  cycling  test:  The  installed 
samples  shall  be  placed  in  an  environmental 
test  chamber  and  subjected  to  500  cycles  as 
depicted  In  Figure  2. 
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2)  High  humidily  cycling:  The  installed  samples 
shall  be  exposed  to  a  temperature  cycle  from 
440  to  140'  F  at  95%  R.H.  lor  300  cycles  as 
dspioded  in  Figure  1. 
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1.  SUMMARY 

Eonj  cera  Jog*  stability  in  submarine  optical 
fibre  cables  is  increasing  in  importance  as 
repeater  section  lengths  are  maximised  and 
system  margins  are  squeezed.  The  move  to 
operation  at  1550mm  with  cabled  fibre  losses  of 
0.2dB/k»  and  below  mean  that  even  small  changes 
in  attenuation  in  service  arc  unacceptable.  STC 
hate  extensively  studied  ageing  effects  in 
submarine  cable  over  the  last  ten  years.  In 
addition  to  long  term  dry  trials,  the  optical 
performance  of  a  number  of  submarine  links  have 
been  monitored.  These  include  the  first  link 
laid  in  Loch  Fyne,  Scotland  in  1980,  UK-Belgiua 
5  and  UK-Chsnnel  Islanda.  Periodic  spectral  and 
difcrete  wavelength  attenuation  measurements 
have  been  made  and  data  will  be  presented  at  the 
conference  together  with  a  discussion  of  loss 
mechanisms.  Experimental  work  Is  continuing  on 
long  term  assessment  of  material  used  in  cables 
to  assist  in  the  continuous  design  evolution  of 
cables  wlch  low  and  stable  attenuation 
charactorlntics. 


2.  AGEING  HECHANISMS 

There  are  several  potential  mechanisms  for  loss 
increase  in  silica  fibres  which  pose  a  potential 
threat  to  the  long-term  stability  of  submarine 
cables 

-  Hydrogen 

-  Radiation 

-  Bending  and  Temperature  effects 


2.1  HydroRen 

Hydrogen  generation  in  submarine  cables  has 
been  known  for  many  years,  and  vac  observed 
during  repairs  on  coaxial  cables 
manufactured  from  the  1950c  onwards. 
However,  the  potential  problem  with  fibre 
was  not  identified  until  1983  (Ref.  1). 
Since  then  cables  have  been  designed  to 
minimise  contamination  of  the  fibre 
environment  by  hydrogen  and  problems 
encountered  on  early  systems  and  trials 
have  been  largely  overcome. 


However,  the  large  effect  that  even  a  low 
level  of  hydrogen  contamination  can  have  on 
fibre  attenuation  means  that  this  la  still 
considered  to  be  the  moat  serious  potential 
ageing  mechanism  for  submarine  cable 
systems. 

Current  STC  cable  designs  incorporate  a 
hermetic  barrier  to  protect  the  fibres  from 
hydrogen  ingress.  Alternative  designs 
using  hermetic  fibre  have  been  assessed  but 
are  not  yet  in  use  for  commercial  systems. 


2.2  Radiation 

Ionising  radiation  will  increase  cite 
attenuation  of  fibres  through  cite  creation 
of  defect  centres,  and  while  the  dose  rates 
at  the  sea  bed  arc  relatively  low  the 
combination  of  long  section  lengths  and  25 
year  design  life  requires  confirmation  chat 
optical  power  budgets  will  not  be 
compromised.  Potential  sources  of  ionising 
sea  bed  radiation  have  been  analysed  by 
Schulte  (2)  who  concluded  that  In  only 
exceptional  locations  would  the  dose  rate 
exceed  1.0  Rad/ycar. 

Data  from  the  UK  Ministry  of  Agriculture, 
Fisheries  and  Food  (3)  gives  typical 
background  levels  of  13  -  140  mrad/yenr. 

Fibre  for  current  STC  submarine  cable 
systems  Is  specified  to  have  a  maximum 
radiation  sensitivity  of  less  clan  0.01 
dB/km  at  1550ns  at  an  exposure  level  of  1.6 
Rad/ycar  for  25  years. 

Hence  at  140  mrad/year  exposure,  the 
Increase  in  attenuation  will  be  less  than 
10”-*  dB/ka  in  25  years  or  about  0.1  dB 
increase  on  a  120km  cable  section. 


2.3  Bending  and  Temperature  Effects 

Fibre  subjected  to  non-uniform  stress,  or 
subjected  to  thermally  induced  stresses  In 
the  cable  can  exhibit  loss  increases. 
These  effects  are  minimised  by  protecting 
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Che  fibres  from  external  stress  by  a  thick 
walled  metal  tube  In  the  cable.  This  ha* 
been  a  basic  feature  of  the  STC  cable  since 
the  first  trial  cables  were  designed  in 
1979. 

The  fibre  package  uses  parallel  lay  fibres 
in  an  elastomeric  buffer  material  so  that 
there  is  no  intrinsic  bending  Induced  loss. 

Qualification  tests  of  the  cables  lave 
shown  no  significant  loss  changes  in  cite 
tesperatura  range  "20*c  to  +  50*c.  In 
service!  deep  water  cable  is  subjected  to 
almost  constant  temperature  (typically 
2-3"c)  so  that  the  stability  of  cite 
transmission  characteristics  can  be 
confidently  assured. 

Rend  loss  in  Joints  and  repcAters  is 
minimised  by  using  a  minimum  coiling 
diameter  of  fibre  of  50ra.  Fibre 
parameters  are  specified  so  that  there  is 
no  significant  loss  at  the  operating 
wavelength  at  this  coiled  dlamter. 


3.  SYSTEM  TESTS 


3.1  Loch  Fyna 


The  first  experimental  optical  submarine 
cable  was  laid  in  loch  Fyne,  Scotland,  in 
1980.  The  10  km  length  of  armoured  cable 
contained  2  single  mode  fibres  and  4 
multimode  fibres.  There  was  a  140  Mblt/sec 
repeater  midway  in  the  cable  operating  on 
two  of  die  multimode  fibres. 

The  cable  design  used  for  this  trial  is 
shown  in  Figure  la.  The  single  mode  fibres 
were  1.0  am  O/D  Sylgard/Nylon  packaged 
fibres.  The  multimode  fibres  used  Sylgard/ 
llytrel. 

The  fibre  package  was  contained  In  a  thick 
walled  aluminium  'C'-tube  with  14  x  2.1  mm 
HTS  wlrea  around  this  to  provide  the  cable 
strength.  A  continuous  seam  welded  copper 
tube  was  formed  around  diQ  steel  wires. 
There  was  no  waterblocking  In  the  fibre 
package  or  ateel  wires  in  this  experimental 
cable. 

Attenuation  measurements  were  made  by  STC 
and  British  Telecom  from  19Q0  onwards.  The 
results  of  the  STC  measurements  on  the 
single  mode  fibres  froa  1980  to  1984  are 
shown  In  Figure  2. 

By  1982  it  had  become  apparent  that  the  loss 
of  the  cable  at  both  1300na  and  1550na  was 
Increasing,  and  at  this  stage  frequency  of 
measureoent  was  increased. 

The  attenuation  continued  to  rise  until  1985, 
when  the  cable  was  daaaged  by  on  external 
agency  which  required  a  repair  operation. 


At  the  same  time  as  the  repair,  the  repeater 
wag  removed  from  the  cable.  This  operation 
Involved  cutting  the  cable  at  three  points, 
removing  the  repeater  and  damaged  cable  and 
re-jointing.  Cas  samples  were  taken  at  the 
cut  cable  ends  and  these  showed  that  there 
was  a  considerable  level  of  hydrogen  of  up 
t  <  20X  by  volume  in  the  centre  of  the  cable. 


From  Hay  1980  to  June  1984  (4.1  years)  the 
average  Increase  In  attenuation  was!" 

1300  na:  0.012  dB/ka/yaar 
1550  na:  0.033  dK/ka/ycar 

The  ratio  of  the  loss  Increase  at  1550nm  to 
the  loss  increase  at  l300nm  is  about  2.8:1. 


The  increase  chat  would  be  expected  from 
hydrogen  Is  given  by  (Ref.  4):- 


*  1.4  x  10~2  POIj).  SA  exp  ^lSSOj  aft. 

Where:  SA  "  1.0  for  A  "  1300 
-  2.7  for  A  »  1550 


R  -  1.S87  cal/mol/'K 

T  *  283*K  (10*C  average  loch  Fyne 

temperature) 


ttcnce  for  1  atm  hydrogen  pressure.— 

0^(1300)-  0.22  dB/ka 
o<  ,1,(1550)  “  0.60  dB/km 

In  order  to  account  for  the  observed  losses 
on  loch  Fyne  a  partial  preasurc  of 
approximately  0.23  atm  Is  required.  This  is 
somewhat  higher  than  the  maximum  values 
measured  by  gas  samples  of  the  cut  cable 
ends. 


However,  the  samples  m;iy  not  be 
representative  of  the  highest  levels  of 
hydrogen  along  the  cable  length.  The  close 
correlation  of  the  measured  and  theoretical 
values  of  the  ratio  of  loss  increase  at  1300 
and  1550  suggest  chat  all  or  nearly  all  of 
the  loss  increase  on  Loch  Fyne  was  caused  by 
hydrogen. 

Since  1985,  when  the  cable  was  repaired,  the 
attenuation  has  continued  to  increase  at  a 
similar  rate  to  before. 


3.2  UK-Bclglum  Ko.  5 

UK-Bclgium,  which  was  Installed  in  1986,  was 
the  first  inter-continental  commercial 
optical  system  to  go  Into  service.  It  Is  a 
115  km  armoured  cable  system  with  three 
fibre  pairs  and  three  140  Mblt/sec  repeaters 
operating  at  1310  nm. 
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Since  1993  when  the  effect  of  hydrogen  on 
fibre  was  first  reported  (Ref.  1/  end 
subsequently  proven  to  be  the  cause  of  the 
attenuation  increase  observed  on  Loch  Fyne, 
modifications  were  made  to  the  STC  submarine 
cable  design  in  order  to  protect  fibres  from 
contamination  by  hydrogen. 

The  basic  cable  design  used  for  IK-Belglum 
incorporating  these  modifications  is  shown 
in  Figure  lb. 

The  fibre  package  (using  Sylgard/Nylon 
coated  fibre)  la  contained  within  a  welded 
hermetic  capper  tube  which  forms  a  barrier 
to  prevent  Ingress  of  hydrogen.  There  is  no 
mixture  of  metals  in  contact  inside  the 
hydrogen  barrier  and  the  spaces  within  the 
fibre  package  and  inside  the  copper  cube  are 
filled  with  a  high  viscosity  waterblocking 
compound.  This  compound  greatly  reduces  the 
quantity  of  moisture  time  is  enclosed  in  tlx 
cable  structure  during  manufacture  and 
provides  an  axial  block  to  prevent 
penetration  of  water  if  die  cable  is  cut  on 
tlx  sea  bed. 

Ac  each  end  of  the  UK-Belglum  system  there 
is  an  additional  pair  of  fibres  which  are 
looped  back  at  submerged  joint  housings  (see 
Fig.  3).  These  provide  two  long  fibre  paths 
(18  ka  at  Broadscalrs,  30  km  at  Ostende)  for 
attenuation  monitoring  of  the  submerged 
cable.  Fibre  test  tails  spliced  at  che 

terminal  stations  increase  the  overall  loop 
lengths  to  20km  and  32ka. 

Measurements  lave  been  made  by  both  STC  and 
British  Telecom  at  approximately  6  monthly 
Intervals  since  installation. 

The  STC  results  at  1310  and  1550  nm  are 

summarised  in  Fig.  A  and  Fig.  5. 

(Note  that  tlx  average  attenuation  level  is 
high  on  these  monitored  fibres  because  of 
che  uany  joints  in  the  land  part  of  che 

route.  Tlx  attenuation  of  die  main  sea 
cable  is  lees  dun  0.4  dB/ka  at  1310  nm.) 

Initial  results  in  che  first  two  years 

suggested  due  there  was  significant 
increase  in  attenuation  at  both  wavelengths. 
However,  the  most  recent  results  show  a 
reversal  of  this  trend. 

The  highest  apparent  increase  was  on  the 
Broadscalrs  loop  at  1S30  nm.  However,  the 
initial  measurements  on  this  loop,  which  has 
an  attenuation  at  1530  na  of  over  18  dB,  was 
done  with  spectral  attenuation  equipment  of 
limited  dynamic  range.  The  effect  of  noise 
in  the  detector  of  a  cut-back  measurement  is 
to  give  apparent  attenuation  results  which 
arc  generally  lower  than  che  true  fugurc. 
From  1987,  using  improved  equipment,  the 
results  arc  considered  to  be  much  more 
reliable. 


From  dxse  results  the  average  increase  in 
attenuation  in  the  3.1  years  from  June  1986 
to  July  1989  has  been:- 

1300  na  -  approx,  equal  to  $.003  dB/km/year 
1550  na  -  approx,  equal  to  0.006  dB/km/ytar 

For  a  total  loss  Increase  In  3.1  years  of 
0.018  dB/ka  at  1550  a  hydrogen  partial 
pressure  of  about  0.03  atmospheres  Is 
required. 

Long  term  ouegassing  tests  on  dx  optical 
package  used  in  UK-Belglua  have  been  in 
progress  since  1966  (see  Section  4.2). 

These  show  due  ouegassing  of  about  20  -  30 
cc/ka  may  be  expected  over  a  three  year 
period,  which  will  produce  partial  pressure 
in  the  fibre  environment  of  about  0.02  -  0,03 
atmospheres. 

Hence  dx  observed  loss  increase  on 
UK-Belgiua  is  similar  to  chat  predicted  by 
measurements  of  hydrogen  ouegassing  from  the 
fibre  package. 

3.3  Sea  Trials  Cable 

In  February  1986  STC  manufactured  the  first 
lengths  of  NL  lightweight  cable  using  a 
newly  developed  acrylic  fibre  package.  The 
fibres  were  embedded  in  sn  elastomeric 
buffer  material  (Hytrel)  around  a  central 
copper  plated  klngwlre  (Fig.  lc). 

All  the  materials  used  in  this  new  design 
were  selected  for  low  hydrogen  evolution 
characteristics. 

Up  to  12  fibres  can  be  accommodated  in  tlx 
package  which  lus  an  overall  diameter  of 
3.1  mm.  This  package  Is  then  enclosed  in 
the  some  composite  copper  tube  wlch 
poiybutene  waterblocking  as  used  in  the 
earlier  UK-Belgium  cable  design  (Fig.  lb). 

Two  12  km  lengths  of  cable  were  manufactured 
which  were  used  for  deep  water  sea  trials  in 
1986  and  1987.  The  cable  was  subsequently 
returned  to  the  Southampton  factory  where  it 
is  used  for  long  term  monitoring  of 
stability  of  the  fibre  attenuation. 

Measurements  made  2.5  years  after  cable 
manufacture  have  shown  no  change  In 
attenuation. 

Fig.  6  shows  a  recent  spectral  measurement 
(Nov.  988)  made  on  a  22.6  km  loop  of  fibre. 

If  any  increase  in  attenuation  had  occurred 
due  to  hydrogen  then  this  would  be  most 
apparent  at  a  wavelength  of  about  1240  na, 
where  the  attenuation  increase  due  to 
interstitial  hydrogen  is  about  9  dB/km  at  1 
atm  hydrogen  pressure. 
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However,  there  1«  also  an  attenuation  peak 
due  to  water  at  the  same  wavelength  region 
which  la  typically  about  5X  of  the  height  of 
Che  primary  peak  at  1380  na. 

1'rom  Fig.  6  the  peak  at  1380  nm  la 

approximately  0.56  dB/k*  so  that  the 
expected  peak  due  to  water  at  1240  na  is 
about  0,028  d3/km. 

The  measured  peak  at  1240  na  is  approximately 
0.024  dB/ks  which,  therefore,  la  all 
attributable  to  water.  Hence  there  is  no 
detectable  loss  increase  at  1240  na  caused 
by  hydrogen  after  2.3  years  from  nsnufacture. 

3.4  UK-Channcl  Islands  No.  7 

UK-Channel  Islands  is  a  130  km  12  fibre 

unrepeatcred  cable  which  was  installed  in 

late  1988.  Following  completion  of  splicing 
and  commiislonlng  by  British  Telecom  a  base 
line  sec  of  attenuation  measurements  on  two 
fibres  looped  back  was  carried  out  by  STC  in 
July  1989. 

This  measurement  is  on  280  km  of  fibre  (60  dB 
approximately  at  1550  nm)  and  will  provide  a 
test  facility  with  very  high  resolution  of 
any  attenuation  change  (resolution  of  about 
5  x  10"*  dfl/km).  It  is  proposed  to 

monitor  this  system  at  approximately  6 
monthly  intervals. 

4.  HATESIALS  AND  SAMPLE  TESTING 

Since  1985  the  STC  NL  submarine  cable  lws 
incorporated  a  hermetic  copper  tube  around 
the  central  ilbre  package.  Long  term  tests 
have  been  carried  out  to  demonstrate  the 
effectiveness  of  this  tube  an  a  barrier  to 
hydrogen,  and  to  assess  the  materials  within 
the  tube  to  ensure  negligible  outgasslng  of 
hydrogen  in  die  fibre  environment. 

4.1  Hydrogen  Permeation  through  Copper  Tubo 

The  hermetic  copper  cube  in  the  ML  cable 

consists  of  a  continuously  scam  welded  tube 
of  0.4  mm  thickness. 

Using  published  flgurcn  for  Hydrogen 
permeation  through  copper  (Ref.  5)  the 
estimated  permeation  rate  is  only  about 

1.2  cc/yenr  at  an  external  pressure  of 

hydrogen  of  10  MPa  (1500  psi). 

(JO  MPa  represents  the  worst  case  pressure 
chat  could  be  generated  at  hydrostatic 
pressure  in  armoured  cable  at  a  depth  of  1 
km.  For  unaracitred  cable  in  deeper  water 

there  is  no  exposed  metal  In  contact  with 

sea  water  to  generate  hydrogen  by 
electrochcalcal  action. ) 

In  order  to  ensure  chat  the  welded  tube  in 
cable  could  meet  this  theoretical  figure  a 
series  of  tests  were  set  up  to  measure  the 


permeation  rate  through  2  metre  lengths  of 
copper  tube  removed  from  cable. 

The  results  are  shown  in  Fig.  7.  This  shows 
the  measured  Ingress  of  hydrogen  (cc/km  at 
STP)  fur  an  applied  external  pressure  of 
hydrogen  of  IQ  MPa. 

After  2.5  years  the  measured  permeation  race 
is  less  than  0.5  ce/km/year,  or  less  than 
20*  of  the  theoretical  figure. 

Extrapolated  to  25  years,  sn  external 
pressure  of  10  MPa  would  produce  a  partial 
pressure  In  the  fibre  environment  of  less 
chan  5  x  iCP^  atm  (Xcrid  CtMtt  0.C03  dB/ta 

sc  1350  nm). 

4.2  Outgasslng  Tests 

Several  types  of  test  have  W-n  used  In 
order  to  Investigate  and  quantify  hydrogen 
outgasslng  of  the  fibre  package  inside  the 
hermetic  copper  cube:-* 

-  Accelerated  tests  on  the  lndivldusl 

components  at  elevated  temperatures. 

-  Accelerated  tests  on  representative 

samplec  of  package  In  cable. 

-  Long  term,  ambient  temperature  tests  on 
representative  samples  of  package  In  cable. 

Accelerated  tests  are  useful  In  quickly 
identifying  potential  problems  and  In 

assessing  new  materials.  However,  for 
prediction  of  performance  of  csble  in 
service  the  long  term  tests  at  ambient 
temperature  provide  the  most  reliable  data. 

Fig.  8  sliows  the  results  of  these  long  term 
tests  on  both  the  UK-Bclglum  package  (Nylon/ 
Syigard)  and  the  sore  recent  Acryllc/llycrcl 
fibre  package.  In  each  case  the  tests  were 
carried  out  on  samples  of  copper  cube 
recovered  from  cable  containing  die  fibre 

package  and  watorblocklng  compound.. 

The  tests  have  shown  chat  there  is  a  small 
but  significant  amount  of  outgasslng  from 
the  Nylon/Sylgard  package  (20  *■  30  cc/km 
after  3  years). 

(This  is  consistent  with  the  small  amount  of 
attenuation  increase  chat  has  been  observed 
on  the  UK-Bclglum  system,  sec  Section  3.2). 

The  current  Acrylic  Fibro/Hycrcl  Package 
with  polybutenc  watcrblocking  has  shown 
little  or  no  outgasslng  (approx.  1  cc/km  in 
3  years).  This  again  is  consistent  with 
measurements  on  cables  using  this  package, 
which  have  shown  no  detectable  attenuation 
increase  due  to  hydrogen  (see  Section  3.3). 
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5.0  CONCLUSION'S 

The  ageing  behaviour  of  several  optical 
submarine  cable*  system*  have  been  studied,  and 
these  studies  will  continue  on  sore  recent 
system*  operating  over  long  fibre  apana. 

The  principal  ageing  mechanism*  observe!  to  date 
have  been  attributable  largely  or  wholly  to 
hydrogen.  No  other  significant  ccuse  of 
attenuation  increase  from  radiation  or 
temperature  induced  bending  effects  have  been 
identified. 

the  UK-Helglua  cable,  which  uses  a  Sylgard/Nylon 
fibre  package,  has  shown  a  small  increase  in 
attenuation  in  the  three  years  since 
installation.  The  most  recent  mea*uresent* 
indicate  that  the  loss  is  no  longer  increasing 
and  the  transmission  characteristics  are  now 
stable. 

The  current  NL  cable  design  using  an  acrylic 
fibre  package  and  a  hermetically  sealed  hydrogen 
barrier  has  shown  no  detectable  ageing  over  a 
period  of  three  years. 

Materials  tests  have  confirmed  that  there  is  no 
significant  level  of  hydrogen  outgasiing  for 
thia  cable  design. 
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la.  LOCH  FYNE 

lb.  UK-BELGIUM 

1C.  CURRENT  NL 

A  -  NYLON  COATEO  KINGWIRE 

A  -  NYLON  COATED  KINGWIRE 

A  -  HYTREL  COATEO  KINGWIRE 

B  -  SYLGARO/NYLON  FIBRES 

B  -  SYLGARO/NYLON  FIBRES 

B  -  ACRYLIC  COATEO  FIBRES 

C  -  MYLAR  TAPE 

C  -  KEVLAR  WHIPPING 

C  -  HYTREL  BUFFER  ELASTOMER 

0  -  ALUMINIUM  C-TUBE 

0  -  COMPOSITE  COPPER  TUBE 

0  -  COMPOSITE  COPPER  TUBE 

E  -  UNILAY  STEEL 

c  _*Y  TWO  LAYER. 

p  TWO  LAYER. 

STRENGTH  MEMBER 

Z  MORSIONALLY  BALANCED 

Z  MORSIONALLY  8ALANCE0 

F  -  COPPER  TUBE 

F  “J  STRENGTH  MEMBER 

F  "J  STRENGTH  MEMBER 

G  -  POLYETHYLENE 

G  -  POLYETHYLENE 

G  -  POLYETHYLENE 

FIG.  1 

EVOLUTION  OF  NL 

CABLE 

HEW  MEASUREMENT  TAILS 
SPL1CE0  ON 


FIG. 2  ATTENUATION  OF  LOCH  FYNE  SINGLE  MODE  FIBRES 
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FIG. 3  U.K.  -  BELGIUM  MONITOR  LOOPS 


TIME  (Years) 


FIG. 4  U.K.  -  BELGIUM  MONITOR  FIBRES  AT  1310nm 


1S87  1988 

TIME  (Years) 


FIG. 5  U.K.  -  BELGIUM  MONITOR  FIBRES  AT  1550nm 
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6  SPECTRAL  ATTENUATION  OF  22.6km  LOOP  OF  SEA  TRIALS  CABLE 
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FI6.B  HYDROGEN  OUTGASSING  OF  OPTICAL  FIBRE  PACKAGES 
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ABSTRACT 

An  experimental  investigation  of!  the  bend¬ 
ing  resistance  of  single-mode  fibers  in 
loose  tube  cables  has  been  carried  out. 
Fibers  with  different  mode  field  diameters 
and  cut-off  wavalcngths  were  chosen  from 
current  matched  clad  and  depressed  clad 
designs.  Samples  of  dispersion  shifted  and 
dispersion  flattened  fibers  were  also 
included.  Various  micro-  and  macrobending 
tests  were  carried  out  on  primary  coated 
fibers  as  a  reference  for  the  cable  tests. 
Three  loose  tube  cables  were  specially 
designed  to  emphasise  bending  losses  in 
temperature  cycling  and  tensile  tests. 
Except  for  weak  macrobondings  at  low  temp¬ 
erature  all  tests  gave  the  some  ranking  of 
fiber  bending  sensitivity.  High  MFD  and  low 
cut-off  wavelength  proved  to  be  the  most 
sensitive  combination,  while  the  opposite 
cose  always  revealed  the  best  performance. 
For  depressed  clad  fibers  weak  macrobend¬ 
ings  revealed  a  poorer  performance  than 
indicated  by  the  other  experiments. 


INTRODUCTION 

In  the  design  of  optical  fiber  cobles  it  is 
very  important  to  prevent  excess  losses 
originating  from  various  bending  phenomena 
when  cobles  arc  subjected  to  environmental 
stresses  in  service.  At  1.3  pm  wavelength 
bending  losses  arc  normally  negligible,  but 
at  1.55  pin  bending  loss  sensitivity  of 
single-mode  (SM)  fibers  may  become  a  criti¬ 
cal  factor  in  cable  design. 

Macrobcnds,  which  arc  bending  phenomena  on 
a  macroscopic  scale,  (i.o.  centimeter 
scale),  are  usually  understood  as  pure 
bends  with  constant  curvature,  and  the 
associated  losses  are  conveniently  measured 
by  various  fiber  winding  arrangements.1*3 
In  loose  tube  cables  subjected  to  low  temp¬ 
eratures,  buckling  of  the  fibers  within  the 
tubes  may  occur  as  a  result  of  cable  con¬ 
traction.  This  phenomenon  is  also  macro¬ 
scopic  in  nature  and  may  be  defined  as 
-random  macrobends,  and  it  has  not  been 
extensively  studied  so  far.  Microbends 
occur  when  the  fiber  is  pressed  against  a 


surface  with  microscopic  irregularities  of 
a  random  nature.  Microbonding  losses  may 
occur  when  cables  arc  subjected  to  high 
tensions  or  temperatures.  Microbending 
sensitivity  of  SM  fibers  is  measured  on 
relatively  short  lengths  of  fiber  by  tests 
such  as  the  sandpaper  test3*'*  and  other 
Inters?  pressure  tests.  Winding  of 
longer  lengths  of  fibers  under  tension  in  a 
split  tube  arrangement  has  also  been  pub¬ 
lished  recently."  However,  few  experiments 
have  been  carried  out  to  study  bending  loss 
mechanisms  using  actual  cable  materials  and 
complete  cables.  Therefore  a  comprehensive 
experimental  program  which  evaluates  the 
performance  of  various  commercially  avail¬ 
able  SM  fiber  types  in  a  loose  tube  cable 
structure  is  described  in  this  paper.  Based 
on  the  results  of  these  experiments  the 
performance  of  different  SM  fiber  types  are 
compared  with  respect  to  bending  induced 
losses  at  1.55  pm  in  loose  tube  cables. 


BENDING  LOSS  THEORY 

For  SM  fiber  systems  operating  at  1.3  pm 
either  the  match  clad  (MC)  or  depressed 
clad  (DC)  designs  arc  usually  employed.  At 
1.55  pm  additional  fiber  types  such  as  the 
dispersion  shifted  (DS)  and  the  dispersion 
flattened  (DF)  fibers  have  been  intro¬ 
duced."  The  two  most  important  parameters 
which  determine  the  bending  loss  properties 
of  SM  fibers  are  the  mode  field  diameter 
(MFD)  and  cut-off  wavelength  (X0).  The 
theoretical  pure  bending  losses  a  of  an 
ideal  step-index  fiber  can  be  written  in 
the  form1'3*10: 


a  »  (A/-/R)  *exp(-BR) 


(1) 


where  R  is  fiber  bending  radius,  and  A  and 
B  are  functions  of  wavelength  and  fiber 
refractive  index  profile.  By  introducing 
the  mode  field  diameter  w_  »  2a/W,  where  a 
is  the  core  radius  and  W  is  the  usual  wave- 
number  parameter  (W*  =  aMfl^-ka*)),  a  in 
Eq.(1)  can  be  expressed  as  follows11: 


o  »  f(X)^”exp[-  3n^^jr) 


3/a 


4XaR 


(2) 
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The  general  formula  expressing  microbending 
losses  is,a: 

a  ■  •j(kntwo}*4,(G)  (3) 

where  wn  is  the  near  Ciold  MFD  and  4>(n}  Lb 
the  powor  spectrum  of  the  fiber  deformation 
giving  rise  to  the  microbending  losses.  T^c 
power  spectrum  is  normally  assumed  to  fol¬ 
low  a  simple  inverse  powor  relationship 
■Kni-HO-*".  Tho  spatial  frequency  n  is  in 
general  given  by: 

0  ■  1/kn,w(p)a  (4) 

where  w(p)  is  a  MFD  characterised  by  tho 
microbending  mechanism. 

The  measured  MFD  is  usually  the  far  field 
or  Petermann  II  definition’ s,  which  in 
goneral  is  different  from  the  definitions 
appearing  in  Eqs. (2)~(4) .  However,  fora 
step-index  profile  fiber  the  differences 
are  relatively  small  and  proper  fitting 
parameters  can  easily  be  found.  For  more 
sophisticated  profiles  like  that  of  DS  and 
DF  fibers  this  is  more  difficult  because 
the  differences  may  become  consider sblo. 14 


EXPERIMENTS 
Fiber  characteristics 


Fiber 

class 

MFD  rango  (pm) 
(1.3  pm) 

Cut-off  wave¬ 
length  (nm) 

MCI 

9.02-10.52 

1133-1160 

MC2 

9.13-9.00 

1219-1320 

DC 

0.20-9.20 

1205-1275 

DS 

0.54  (1.55pm) 

1254 

DF 

6.040.6  (1.31pm) 
7.0s0.7  (1 .55pm) 

940 

Table  I:  Summary  of  parameter  variations 
for  fibers  used  in  this  study. 


PE  sheath 
Wrapping  tape 
PC  tube  with  fiber 
PE  coated  FRP 

Fig. 2:  Cross  section  of  loose  tube  cable. 


Different  types  of  commercially  available 
fibers  were  selected  for  the  experiments. 
Fig.1  shows  the  refractive  index  profiles 
of  the  four  classes  investigated.  For  the 
MC  and  DC  classes,  fibers  were  chosen  from 
regular  production  with  parameter  combi¬ 
nations  (MFD  and  la)  as  close  os  possible 
to  the  manufacturers  specification  limits. 
The  DS  and  OF  classes  ore  only  represented 
by  single  fibers  selected  at  random.  The  MC 
fibers  ore  divided  into  two  subclasses,  MCI 
pertaining  to  standard  fibers  designed  for 
1 . 3  pm  operation  and  MC2  which  is  a  more 
bending  resistant  design  having  tighter  MFD 
and  higher  la  specifications  than  the  MCI 
fibers.  All  fibers  were  supplied  with  a  250 
pm  diameter  acrylate  primary  coating,  which 
brand  may  be  sligthly  different  Cor  fibers 
from  different  suppliers. 


•  c 


Fig.1:  Refractive  index  profiles  of:  a) 

matched  clad  (MC),  b)  depressed  clad 
(DC),  c)  dispersion  shifted  (DS),and 
d)  dispersion  flattened  (DF)  fibers. 


Cable  construction 


The  cables  tested  in  this  study  arc  of  the 
well-known  loose  tube  construction  shown  in 
Fig. 2.  Each  jelly-filled  plastic  tube  can 
contain  from  1  to  6  fiber:?.  The  tubes  are 
helically  stranded  around  a  FRP  central 
strength  member.  This  ensures  that  the 
fibers  arc  free  fr<"~  *.5ses  as  long  as 
the  cable  is  strained  »  a  certain  limits 
by  exposure  to  e..  *  forces.  This 
stress-free  buffer  reg-C'  can  be  tailored 
to  given  specifications  by  the  correct 
choice  of  tube  dimensions  (do/d *),  strand¬ 
ing  pitch  (S),  and  tube  helix  radius  (R)  as 
follows: 


-Ci.  »  -(2n/S)*  (R-r/2)r  <  c* 

<  (2n/S) ’ (R+r/2)r  a  cy  (5) 

where  cA  is  the  relative  length  difference 
between  the  fiber  path  following  the  center 
line  and  the  inner  pat)  of  the  tube,  cy  the 
corresponding  relative  length  difference 
with  respect  to  the  outer  path,  and  r  o 
(di-dc)/?-  the  fiber  clearance  inside  the 
tube. 

Micro-  and  macrobending  excess  loss  pheno¬ 
mena  can  be  eliminated  by  proper  choice  of 
the  above  mentioned  parameters  when  the 
fiber  excess  length  cx,  and  hence  the  cable 
strain,  is  kept  within  the  limits  given  by 
Eq . ( 5  j .  cH  is  expressed  by  the  cable 
tensile  and  thermal  strains  as  follows: 
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CH  ■  Co  -  F/EA  +  (Ou-ac){To-T)  (6) 

where  c0  is  the  fiber  excess  length  with 
respect  to  the  tube  center  line  at  room 
temperature  To>  f/ea  is  the  cable  strain 
caused  by  an  external  tensile  force  F 
acting  on  the  cable,  a*  and  as  are  the 
linear  thermal  expansion  coefficients  of 
the  cable  and  fiber  respectively.  EA  ■ 
EEiAa.  is  the  effective  elastic  stiffness  of 
the  cable,  and  Ok  ■  EoaEaAx/eEaA,.  the 
effective  thermal  expansion  coefficient  of 
the  cable.  The  summations  are  taken  over 
all  elements  of  the  cable  structure. 

Experimental  results 

Fiber  experiments.  The  micro-  and 
macrobending  sensitivity  of  optical  fibers 
arc  normally  characterised  by  well-defined 
laboratory  tests  on  short  sample  lengths  of 
the  fibors.  The  question  we  wanted  to  ask 
was  if  such  tests  fully  reveal  the  bending 
loss  behaviour  of  fibers  in  real  optical 
cable  structures.  To  serve  as  reference  for 
the  cable  experiments  we  .arried  out  the 
following  tests  on  primary  coated  fibers: 
sandpaper  test9  and  split  tube  winding 
test**  to  study  microbending  losses,  and 
mandrel  winding  tests  to  study  pure  macro- 
bending  effects. 

For  the  sandpaper  tests  we  used  ISO  grit 
sandpaper  and  lateral  loads  from  1.4  to  5.6 
g/mm.  The  fiber  length  under  pressure  was 
I.Gm  and  the  microbending  loss  was  recorded 
ns  a  function  of  wavelength.  The  results 
obtained  are  in  good  agreement  with  those 
reported  elsewhere  for  comparable  experi¬ 
ments.9*  7  Attempts  which  were  made  to  fit 
the  measured  data  to  the  theoretical  for¬ 
mulas  of  Eqs.(3)  and  (4)  gave  p  ■  1. 7-2.1. 
The  DS  fiber  was  the  least  sensitive  and 
MCI  the  most  sensitive  type  tested  (about  3 
times  that  of  MC2  fibers  and  >10  times  that 
of  the  DS  fiber) . 

The  split  tube  winding  test"  was  developed 
to  simulate  a  real  microbending  mechanism 
as  experienced  by  fibers  pressed  against 
the  inside  wall  of  loose  plastic  tubes  in 
cables  under  high  tension.  A  standard  loose 
tube  is  split  in  two  along  its  entire 
length  and  wound  in  one  layer  onto  a  340  mm 
diameter  drum.  A  fiber  is  then  wound  with 
controlled  tension  into  the  jelly-filled 
groove  formed  by  the  split  tube.  Total 
length  of  fiber  on  such  a  drum  was  140  m, 
and  the  maximum  tension  used  was  2  N  which 
corresponds  to  a  lateral  pressure  of  fiber 
against  tube  wall  of  1.2  g/mm.  Some  typical 
spectral  plots  of  measured  induced  loss  are 
shown  in  Figs.  3  and  4.  The  attenuation 
increased  almost  linearly  with  the  fiber 
tension.  High  MFD/low  Ao  was  the  most 
sensitive  and  low  MFD/high  A  a  the  least 
sensitive  combination  for  both  the  MC  and 
DC  fiber  classes.  The  microbending  loss 


did,  however,  depend  more  strongly  on  the 
MFD  than  on  the  cut-off  wavelength. 


Fig. 3:  Induced  losses  (max  and  range)  of 

MCI,  MC2,  and  DC  fibers  measured  by 
the  split  tube  winding  method  with 
0.221  fiber  strain. 


Fig. 4:  Induced  losses  of  DF  and  DS  fibers 
measured  by  the  split  tube  winding 
method  with  0.22%  fiber  strain. 


Attempts  which  were  made  to  fit  the  results 
to  the  microbending  loss  formulas  Eqs.(3) 
ond  (4)  assuming  an  n-9*1  dependence  for  the 
power  spectrum,  yielded  values  of  p  in  the 
range  p  *  3-5.  This  is  higher  than  for  the 
sandpaper  tests,  indicating  different 
microbending  power  spectra  for  the  two 
cases.  As  an  example,  a  MCI  fiber  with  MFD/ 
Aa  of  10.5  pm/1153  nm  gave  p  ■  1.9  in  the 
sandpaper  test  and  p  ■  3.7  in  the  split 
tube  winding  test.  In  spite  of  this  diffe¬ 
rence  the  split  tube  winding  experiments 
rank  the  microbending  sensitivity  of  diffe¬ 
rent  fibers  similar  to  the  sandpaper  test. 

Two  types  of  tube  materials  were  investi¬ 
gated,  polycarbonate  (PC)  and  PBT.  The  PBT 
tubes  gave  slightly  lower  induced  losses 
than  the  PC  tubes.  A  microstructure 
analysis  of  the  inside  wall  of  the  tubes 
revealed  a  smoother  and  finer  structure  of 
the  PBT  tube  than  the  PC  tube",  and  there¬ 
fore  less  microbending  can  be  expected  for 
the  same  winding  tension.  The  results  do 
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also  indicate  that  differences  in  the  tube 
filling  compounds  may  have  some  effect  on 
the  measured  loss  increase. 

Finally,  some  simple  macrobending  loss 
measurements  were  made  by  winding  fibers 
with  zero  tension  five  turns  around  smooth 
cylinders  of  varying  diameters  from  18  to 
70  mm.  The  pure  bending  loss  measured  were 
in  accordance  with  previously  published 
results  from  pure  bending  experiments'*11  ns 
regards  wavelength  and  bending  diameter 
dependence.  The  macrobending  loss  sensi- 
tivity  showed  the  same  dependence  on  the 
MFD/  la  combinations  as  the  microbending 
tests  above.  Among  the  different  fiber 
classes,  the  DS  fiber  was  found  to  be  the 
least  sensitive,  while  the  MC2  and  DC 
fibers  showed  comparable  behaviour  down  to 
the  loss  limit  of  10“a  dB/m.  The  MCI  and  DF 
fibers  were  the  two  most  sensitive  classes, 

Cable  experiments.  The  fibers  were 
also  cabled  in  three  different  test  cables 
specially  designed  to  emphasize  on  bending 
loss  effects  in  temperature  cycling  and 
tensile  strength  experiments. 

In  loose  tube  cables  the  fibers  will  not  be 
strained  before  a  certain  cable  tension  has 
beer,  reached  (strain  buffer  effect) .  For 
the  experimental  cables  this  strain  buffer 
was  0.1-0.31.  Above  this  value  the  micro- 
bending  attenuation  increased  fairly 
linearly  with  fiber  strain.  Taole  II  gives 
a  summary  of  the  excess  attenuation  from 
the  cable  tension  tests  measured  at  both 
1.3  pm  and  1.55  pm.  Mean  values  refer  to 
fibers  with  MFD  and  Xa  close  to  the  mean 
values  of  Tab.I.  Max  values  refer  to  fibers 
with  extreme  combinations  of  high  MFD  and 
low  \a  that  for  MC  fibers  apply  to  less 
than  1%  of  the  total  fiber  production. 


m 

Microbend  loss  (du/km]/%  strain 

i .: 
mean 

pm 

max 

1.55 

moon 

pm 

max 

DS 

_ 

DC 

<0.10 

<0.20 

0.55 

MC2 

<0.20 

0.35 

1  .00 

DF 

0.25 

- 

- 

MCI 

0.45 

1  .70 

1.55 

7.40 

Table  II:  Summary  of  measured  microbending 
loss  per  %  fiber  strain. 


The  cable  tension  experiments  yielded 
microbending  sensitivities  with  a  qualita¬ 
tive  ranking  of  the  fibers  similar  to  the 
sandpaper  and  split  tube  winding  tests, 
with  MCI  being  the  most  sensitive  and  DS 
the  least  sensitive  fiber.  In  the  cable 
tension  experiments  DC  fibers  came  out 
slightly  better  than  MC2  fibers. 


The  cable  length  under  tension  was  145  m 
and  the  maximum  applied  fiber  strain  0.5%. 
Accurate  attenuation  values  at  1.3  pm  were 
therefore  difficult  to  achieve  except  for 
MCI  fibers.  However,  the  ratio  of  1.55  pm 
to  1.3  pm  microbending  loss  was  found  to  be 
around  3,  compared  to  a  ratio  of  about  2 
for  tho  sandpaper  test  and  5  for  the  split 
tube  winding  test. 

At  low  temperatures  the  cable  will  contract 
relative  to  the  fiber  causing  the  fiber  to 
move  towards  the  outer  path  of  the  stranded 
tube.  Eolow  a  certain  threshold  temperature 
the  fiber  will  press  against  the  tube  wall 
and  start  to  buckle.  The  associated  bending 
losses  are  mainly  of  macroscopic  nature 
(random  macrobends).  Different  cable  struc¬ 
tures  may  have  quite  different  thermal  pro¬ 
perties  due  to  different  tube  dimensions, 
stranding  pitch,  effective  thermal  expan¬ 
sion  coefficient  etc.  It  is  therefore 
difficult  to  compare  and  evaluate  bending 
losses  of  non-identical  cables  as  a  func¬ 
tion  of  temperature.  To  obtain  a  more 
universal  behaviour  we  have  converted  the 
results  to  loss  increase  versus  excess 
length,  c„,  according  to  Eq.(6)  with  F  ■  0. 
In  this  way  both  the  cable  tension  and  low 
temperature  results  con  be  shown  in  the 
same  excess  length  diagram.  Some  typical 
results  are  shown  in  Figs. 5-7.  Fig. 5  shows 
the  results  for  a  MCI  bending  sensitive 
fiber  at  both  1.3  pm  and  1.55  pm.  Under 
tension  the  loss  increases  linearly  with 
the  strain  while  at  low  temperatures  a  much 
sharper  and  unlincar  loss  increase  is 
observed.  The  reason  for  this  is  the  diffe¬ 
rent  bending  mechanisms  in  the  two  cases. 


Fig. 5:  Measured  bending  losses  in  a  cable 

at  tension  (right)  and  low  tempera¬ 
tures  (left)  for  a  MCI  fiber  at  1.3 
and  1.55  pm.  e><  *  0.2%  (left)  corre¬ 
sponds  to  T  =  -32°C  for  this  cable. 
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t,  ■(Qk-d|)  (Tj-T)  C,rF/EA  — 


Fig. 6:  Measured  bending  losses  at  1.55  pm 
in  a  cable  at  tension  (right)  and 
low  temperatures  (left)  Cor  MC 
fibers  with  different  MFD/10. 


Fig. 7:  Measured  bending  losses  at  1.55  pm 
in  a  cable  at  tension  (right)  and 
low  temperatures  (left)  comparing 
MC2  and  DC  fibers. 


In  Fig. 6  MCI  and  MC2  fibers  are  compared  at 
1.55  pm,  and  Fig. 7  shows  the  difference 
between  typical  MC2  and  DC  fibers.  Here  one 
should  note  the  rather  unexpected  diffe¬ 
rence  occuring  at  weak  macrobends.  For  some 
time  now  it  has  been  argued  strongly  in 
favour  of  the  DC  fiber  design  because  of 
its  good  bending  resistance  as  demonstrated 
by  pure  bending  experiments.  This  is  true 
for  strong  bending  effects,  i.e.  small 
bending  diameters.  In  a  cable,  however,  one 
can  not  allow  such  strong  bendings.  Typi¬ 
cally  the  maximum  allowable  loss  increase 
at  the  minimum  specified  temperature  will 
be  0.1  dB/km.  Hence,  it  is  macrobending 
losses  at  this  level  that  should  be  con¬ 
sidered  when  comparing  different  types  of 
fibers.  Our  experiments  shew  that  from  a 


low  temperature  boundary  point  of  view  DC 
fibers  perform  more  liko  MCI  than  MC2 
fibers.  Apart  from  this  divergence  the  low 
temperature  experiments  ranked  the  fibers 
similarly  to  the  other  tests  with  DS  fiber 
on  top  ns  the  most  bending  resistant  of  all 
fibers  investigated.  The  DF  fiber  turned 
out  to  be  very  bending  sensitive  at  1.55 
pm,  but  performed  excellently  at  1.3  pm. 

Fig. 8  shows  an  example  of  spectral  atten¬ 
uation  measurements  Cor  a  bending  sensitive 
MCI  fiber  at  different  temperatures.  A 
theoretical  fit  to  Eq.(1)  is  shown  for  tho 
curve  at  -40°C.  The  fit  appears  reasonable 
and  therefore  the  observed  loss  indicates  a 
macrobending  behaviour.  Fits  to  Eq.(3) 
yielded  unrealistically  high  p-values  which 
supports  the  above  conclusion. 


1153  nm  measured  in  a  test  cable  at 
low  temperatures  (weak  macrobending) 
The  broken  lino  shows  a  fit  to  the 
macrobending  formula  Eq. ( 1 ) . 


CONCLUSIONS 

The  experiments  carried  out  in  this  study 
have  provided  valuable  information  on  the 
response  of  various  types  of  SM  fibers  to 
bending  phenomena  occurring  in  loose  tube 
cable  structures.  The  tests  have  also 
confirmed  that  microbending  losses  are 
dominant  in  cables  at  high  tension  and 
macrobcndings  at  low  temperature. 

The  bending  loss  properties  of  SM  fibers  in 
loose  tube  cables  under  tension  can  be 
qualitatively  assessed  by  microbending 
tests  like  the  sandpaper  and  split  tube 
winding  test  directly  on  the  primary  coated 
fiber.  Although  they  do  not  reveal  the 
actual  situation  in  a  cable,  they  give  a 
correct  qualitative  ranking  of  the  fiber 
bending  sensitivity  in  mutual  comparative 
studies.  The  random  macrobending  mechanism 
which  occurs  as  a  result  of  fiber  buckling 
at  low  temperatures  has  on  the  other  hand 
proved  more  difficult  to  assess  through 
such  simple  tests  as  e.g.  the  mandrel 
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winding  tost.  If  such  attempts  should  bo 
made  one  should  concentrate  on  the  weak 
macrobending  affects,  i.e.  in  tho  order  of 
0.1  dB/kra,  when  comparing  different  types 
of  fibers. 

Another  important  result  obtained  from  the 
experiments  is  the  strong  influence  that 
weak  macrobending  properties  hove  on  the 
low  temperature  boundary  of  a  cable.  Onset 
of  bending  losses  in  the  order  of  0.1  dB/km 
may  differ  as  much  as  0.1%  in  fiber  excess 
length  between  the  various  fiber  types.  On 
tho  temperature  scale  this  can  correspond 
to  20-50*C  depending  on  the  cable  struc¬ 
ture.  This  issue  is  specially  important  at 
1.55  pm  where  the  bending  sensitivity  of 
fibers  may  become  the  limiting  factor  in 
cable  design. 

The  bending  sensitivity  of  SM  fibers 
depends  on  both  tho  MFD  and  cut-off  wave¬ 
length  with  high  MFD/low  Xa  as  the  most  and 
low  MFD/high  A«  os  tho  least  sensitive 
combination.  This  is  common  to  both  MC  and 
DC  fibers.  Microbending  losses  depend 
strongly  on  the  MFD  and  less  on  X«,.  For 
macrobendings  the  dependence  on  \a  seems  to 
be  somewhat  stronger  although  MFD-depcn- 
dence  still  dominates.  To  ensure  proper 
behaviour  of  SM  fibers  in  loose  tube  cables 
at  1.55  pm  it  is  recommended  to  restrict 
the  MFD  specification  to  *10  pm  for  MC  and 
*9  pm  for  DC  fibers,  and  to  keep  Xa  i1.2pm. 
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Summary 

Heat  shrinkable  polymers  arc  widely  used 
in  joint  closure  systems  to  provide 
offctive  environmental  seals.  A  now 
generation  of  heat  shrinkable  fibre 
reinforced  composite  materials  has  been 
developed  which  allows  a  wide  design 
fluxibility  for  closure  systems.  As 
splice  closures,  these  heat  shrinkable 
composite  closures  exhibit  many 
installation  and  functional  benefits 
such  as;  split  resistance  during  in¬ 
stallation,  resistance  to  mechanical 
abuse  and  long  term  creep  resistance. 

This  paper  reviews  the  various  designs 
of  the  composite  closures  that  have  been 
developed  specifically  for  pressurised 
and  distribution  telephone  closure 
systems. 

Introduction 

Telephone  splice  closures  arc  used  in  a 
wide  range  of  environments  around  the 
world  which  include  underground,  direct 
buried  and  aerial  applications.  The 
prime  function  of  a  closure  is  to 
provide  environmental  protection  to  a 
telephone  splice  preventing  moisture 
from  entering  the  splice  area  and  hence 
maintaining  the  integrity  of  the 
telephone  system.  Throughout  their 
operational  lifetime,  the  closures  arc 
subjected  to  varying  chemical  environ¬ 
ments  and  physical  abuses.  Those  in¬ 
clude  wide  operating  temperature  varia¬ 
tions,  exposure  to  prolonged  direct  sun¬ 
light,  immersion  in  polluted  water  and 
mechanical  effects  like  traffic  vibra¬ 
tion  and  axial  load  caused  by  cable 
creep. 

Conventional  non  composite  heat  shrink¬ 
able  polymeric  closures  have  been  used 
successfully  throughout  the  world  since 
the  early  1970's  to  provide  this  environ¬ 
mental  protection  on  the  telephone  net¬ 
work. 

With  the  increasing  demand  for  trans¬ 
mission  of  high  quality  and  volume  of 
signals  on  telephone  cables,  it  is 
important  to  environmentally  protect, 


with  even  higher  reliability,  the 
telephone  network. 

In  addition,  due  to  the  various  skill 
levels  of  the  craft  persons  and  a  wide 
range  of  torches  used  to  install  heat 
shrinkable  closures,  Installations  of 
variable  quality  can  result.  With  non 
composite  heat  shrinkable  closures  over¬ 
heating  can  cause  splitting. 

This  may  tempt  the  craftsmen  to  be  over 
cautious  and  to  undorheat  the  closure 
which  then  results  in  poor  sealing  of 
the  closure  to  the  telephone  cable  re¬ 
sulting  in  water  ingress. 

Advanced  composite  splice  closures  have 
been  developed  to  ovorcome  all  instal¬ 
lation  circumstances  and  add  significant 
improvement  to  the  performance  and  life¬ 
time  of  closures  in  both  the  pressurised 
and  distribution  network. 

This  paper  covers  the  design  and  per¬ 
formance  characteristics  of  the  compos¬ 
ite  material  and  closure  system  and  in¬ 
cludes  a  comparison  with  conventional 
non-composite  heat  shrinkable  polymer 
closure  systems. 

Heat  shrinkable  splice 
closure  for  the  pressurised  network 

Effects  of  pressurisation. 

Pressurised  splice  closures  are  effec¬ 
tively  cylindrical  pressure  vessels;  the 
internal  pressure  generates  longitudinal 
and  circumferential  (hoop)  stresses  in 
the  walls  of  the  vessel.  In  particular, 
the  hoop  stress  (  OH)  in  the  material  is 
given  by  : 

OH  = 

t 

where  P  =  internal  pressure 
r  =  radius  of  vessel 
t  =  wall  thickness  of  vessel 

Hoop  stresses  can  give  rise  to  two  long 
term  effects  in  polymeric  pressure 
vessels  : 
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1.  Creep  deformation.  A  slow 
elongation  o£  the  material  due  to  the 
applied  stress. 

Creep  let  more  significant  in  a  polymeric 
system  than  in  a  metallic  one  due  to  the 
much  lower  melting  points  of  polymers; 
creep  deformation  becomes  significant  at 
temperatures  typically  one-half  to  two- 
thirds  of  the  material's  absolute 
molting  point. 

The  effect  of  creep  on  a  polymor  pres¬ 
sure  vessel  is  an  increase  in  its  diam¬ 
eter,  and  consequent  reduction  of  its 
wall  thickness,  often  referred  to  as 
"ballooning" . 

2.  Stress  rupture.  Susceptibility  of 
the  polymer  to  failure  after  long  time 
periods  at  low  stresses. 

Two  possible  failure  modes  can  occur  ; 

(i)  ductile  failure  at  relatively  short 
times  and  higher  applied  stresses,  and 

(ii)  brittle  fracture  after  longer  time 
periods  at  lower  stress  levels.  Brittlo 
fracture  becomes  much  more  significant 
at  higher  temper,  urcs. 

There  arc  two  ways  in  which  the  resis¬ 
tance  to  creep  and  stress  rupture  can  bo 
increased  : 

a.  A  more  "heavily  engineered"  design. 
For  example,  a  thicker-walled 
product,  in  which  the  hoop  stresses 
are  reduced. 

b.  The  use  of  an  intrinsically 
"stronger"  material  which  is  more 
resistant  to  these  modes  of  defor¬ 
mation. 

It  is  this  second  approach  which  is 
described  in  this  paper. 

Heat  shrinkable  composite  closure  design 

The  new  heat  shrinkable  closure  system 
consists  of  a  composite  material  made  up 
of  a  woven  fabric  containing  crosslinked 
heat  shrinkable  polymeric  fibres  and  non 
shrinking  reinforcing  fibres,  which  is 
coated  on  both  sides  with  a  cross-linked 


polymeric  material.  Laminated  to  the 
inner  surface  is  an  adhosivo.  A  cross- 
section  is  shown  in  Figure  1. 

The  composite  is  designed  to  dimen¬ 
sionally  recover  in  one  direction,  while 
maintaining  exceptional  dimensional  sta¬ 
bility  in  the  other  direction.  In  order 
that  the  composita  material  can  be  used 
as  a  wraparound  closure,  a  "rail"  is 
formed  on  the  sleeve  for  closing  pur¬ 
poses  (see  Figure  2).  An  adhesive  layer 
is  extended  to  provide  a  complete  seal 
under  the  closure  mechanism. 

Tcmporaturc  Indicating  paint  is  coated 
on  the  outor  surface  of  the  material 
converting  from  green  to  black  at  a 
specific  temperature  to  indicate  that 
sufficient  heat  is  applied  to  closure. 

The  composite  sleeve  is  used  in  con¬ 
junction  with  a  metal  canister  which 
provides  the  mechanical  support  to  the 
telephone  cable  splice  connectors. 

Thrno  fingered  branch-out  clips  arc  used 
to  seal  to  multiple  cables  at  either 
outlet. 

Performance 
At  installation. 

The  fibre  reinforcement  of  the  composite 
material  ensures  that  the  closure  is 
able  to  be  installed  with  the  wide  range 
of  gas  torches  that  exist  throughout  the 
world  such  as  gasoline,  kerosene, 
propane,  acetylene  and  modified 
acetylene  -  propane  torches.  On  instal¬ 
lation  the  nccesrary  amount  of  heat  is 
applied  to  recover  the  composite  closure 
converting  the  temperature  indicating 
paint  and  activating  the  adhesive  to 
seal  the  closure  to  the  cables,  even  in 
the  most  difficult  outside  plant  condi¬ 
tions. 

The  composite  material  uniformly  recov¬ 
ers  by  3  to  1,  which  combined  with  the 
minimal  longitudinal  dimensional  change, 
results  in  a  evenly  controlled  wall 
thickness  with  no  reduction  of  the 
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sleeve  wall  thickness  cvon  over  sharp 
splice  transitions,  unlike  non  composite 
polymeric  material  sleeves. 

Figure  3  compares  the  results  of  a  split 
resistance  test  o£  both  the  composite 
and  the  conventional  non-composite 
materials.  A  sample  100  X  SO  mm  is 
pieced  in  an  Instron  tensile  machine  at 
200*C,  and  a  cut  of  5  mm  is  made  in  the 
edge  perpendicular  to  the  recovery 
direction.  As  the  recovory  force  of 
the  non-composite  polymer  material 
develops,  a  split  caused  by  the  cut, 
propagates  across  the  width  of  the 
sleeve.  The  sample  breaks  typically 
within  five  minutes  after  starting  the 
test. 

The  reinforced  composite  material  with¬ 
stands  this  split  propagation  and  the 
sample  remains  intact  even  after  thirty 
minutes  at  200*C. 

This  test  is  designed  to  simulato  the 
mechanical  abuse  that  the  heat  shrink 
able  closuro  might  have  seen  before 
installation  or  that  can  occur  when  a 
closure  is  installed  in  a  confined  space 
such  as  congested  manhole.  In  such  a 
manhole  the  hot  nozzle  of  the  torch 
might  accidentally  touch  the  sleeve 
during  an  installation  and  potentially 
damage  it,  which  would  lead  to  the  clo¬ 
sure  splitting.  The  reinforced  compos¬ 
ite  material  can  withstand  this  kind  of 
abuse  with  the  sleeve  remaining  intact. 

Functional  performance  during  life  time. 

Once  installed  the  high  strength  of  the 
composite  closure  together  with  the 
adhesive  ensures  excellent  functional 
performance. 

Creep  deformation. 

The  creep  behaviour  at  G0#C  of  the  com¬ 
posite  material  is  compared  with  that  of 
a  conventional  non  composite  closure, 
see  Figure  4. 

The  conventional  non  composite  material 
creeps  steadily  to  a  strain  of  about 


23  X  after  around  175  hours,  thon  the 
closure  leaks.  In  this  case,  failure 
was  not  in  the  heat  shrinkable  slcovo 
material  itself,  but  at  the  scam  where 
the  wraparound  was  joined;  the  very  high 
strain  caused  leakage  through  the 
adhesive  at  this  point. 

In  contrast  after  initial  expansion,  the 
composite  sleeve  roaches  an  asymptotic 
creep  level  of  around  3  \  under  those 
test  conditions.  The  initial  extension 
occurs  while  the  fabric  in  the  composite 
is  being  put  undor  tension,  and  there  is 
very  little  subsequent  creep. 

Heat  shrinkable  splice 
closure  for  the  distribution  network 

Following  the  success  of  the  heat 
shrinkable  composite  material  as  a  pres¬ 
surized  closuro,  the  technology  was  used 
to  develop  a  composite  material  for  a 
distribution  closure. 

The  additional  demands  for  a  distribu¬ 
tion  closure  include  a  requirement  for  a 
recovery  ratio  of  a  least  4  to  1,  duo  to 
widor  range  of  cable  configurations,  and 
installations  on  smaller  cables. 

The  construction  of  the  composite  mate¬ 
rial  was  modified  to  accommodate  these 
requirements  without  sacrificing  any  of 
the  installation  characteristics  of  the 
pressurised  closure. 

An  additional  aluminium  layer  has  been 
added  between  the  composite  material  and 
adhesive  to  provide  an  integrated 
moisture  vapour  transmission  (MVT) 
barrier.  (See  Figure  5). 

Once  installed  this  MVT  barrier  provides 
resistance  to  moisture  penetration  into 
the  splice  area,  and  in  effect  reconsti¬ 
tutes  the  KVT  barrier  of  the  PE-Alumini- 
um  cable  sheath,  where  one  is  present  in 
a  distribution  cable. 

A  comparison  of  a  conventional  non¬ 
composite  polymeric  closures,  which 
relies  on  a  separate  MVT  barrier,  versus 
composite  closures  containing  an 
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integrated  MVT  barrier  in  the  sleeve 
material,  is  shown  in  Figuro  6. 

Functional  performance  during  lifetime. 

The  functional  tests  outlined  in  Table  1 
are  undertaken  to  simulate  the  long  term 
behaviour  of  installed  splice  closures. 
These  include  a  wide  range  of  tests  per¬ 
formed  between  temperatures  of  -15  and 
+45*C  on  extreme  cable  configurations  of 
both  lead  and  polyethylene  sheathed 
cables.  The  strength  of  the  composite 
and  the  flexibility  of  the  adhesive  en¬ 
ables  the  splice  closure  to  withstand 
different  impact  tests  at  -15*C. 

Conventional  thermal  cycling  in  air 
between  -40  and  +60*C  is  used  to  demon¬ 
strate  the  integrity  of  the  installed 
closure  system  after  accelerated  ageing. 

Resistance  to  environmental  stress 
cracking  at  50*C  in  surfactant  solution, 
such  as  10  \  Zgcpal  in  waecr,  and  var¬ 
ious  other  aggressive  media  are  per¬ 
formed  to  demonstrate  the  environmental 
resistance  of  the  closure  system. 

Conclusions 


design  exhibits  outstanding  resistance 
to  creep.  The  composite  distribution 
closures  offer  significantly  improved 
moisturo  vapour  transmission  protection 
to  the  splice. 

These  advanced  composite  heat  shrinkable 
joint  closure  systems  have  been  success¬ 
fully  developed  to  meet  the  more  demand¬ 
ing  requirements  of  todays  telephone 
network. 
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The  advanced  composite  heat  sh  kable 
closures  developed,  offers  significant 
benefits  over  conventional  non  composite 
heat  shrinkable  joint  closures. 

Composite  closures  eliminate  craft  sen¬ 
sitivity  during  installation  and  offer 
superior  functional  benefits  once  in¬ 
stalled. 

The  material  design  ensures  that  the 
closure  is  highly  split  resistant 
offering  excellent  torchability  when  in¬ 
stalled  with  even  the  fiercest  of  gas 
torches  available.  This  ensures  that 
the  closures  can  be  reliably  installed 
even  in  the  most  demanding  of  environ¬ 
ments. 

The  closure  system  design  gives  superior 
functional  performance  over  conventional 
non-composite  joint  closures.  In  partic¬ 
ular  the  composite  pressurised  closure 
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Polymeric  layer 
Reinforced  fabric  layer 
Polymeric  layer 
Adhesive  layer 


Figure  1  Cross-section  of  composite  heat  shrinkable  sleeve  for  pressurised 
closures. 

Metal  flexible  channel 

Reinforced  rod  (Rail) 

Adhesive  layer 

Composite  heat  shrink  sleeve 

Figure  2  Cross-section  of  'Rail  and  Channel'  closure  system. 
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Figure 


Figure 


Recovery  force 


(Measured  by 
Instron  with 
constant  Jaw 
separation) 


Test  method  Recovery  direction 
oven  at  200t|  _\  . 

yTTf 

Instron  tows  S— j 


>mm  cut 


Non  composite  sleeve 
(Test  stopped-sampte  splits) 


"Composite  sleeve 

Time(minutes) 


30 


3  Split  resistance  test. 


£  Creep  behaviour  of  composite  heat  shrinkable  sleeve  versus 
conventional  non  composite  sleeve  at  60°C. 
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— —  Polymeric  layer 

- Reinforced  fabric  laytr 

Potymerlc  layer 
—  Aluminium  layer 
-  Adhesive  layer 


Figure  S  Crosa-ncctlon  of  composite  heat  shrinkable  sleeve  for  distribution 
closures. 


MVTrate(ncyhr) 

SO  J 


Test  temple 

Test  method:Ref  appendix  1 

Closure'75/15 


40  . 
30  • 


'  Conventional  non  composite 
polymeric  sleeve  with  separate 
MVT  barrier 


Composite  sleeve  with 
integral  MVT  barrier 


3  6  9  12 


Time  (months) 


Figure  6  Moisture  vapour  transmission  (MVT)  of  nstalled  distribution 
closures. 
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PROPERTY 

TEST  CONDITION 

REQUIREMENT 

Tightness 

Water  1  23*C 

40  KPa  -  Internal  pressure 

15  mins 

Static  load 

Temp.  -15*C 

2X5  mins 

Load  1000  N 

Surface  area  50mm1 

Tightness 

Impact 

Temp.  -15  *C 

1)  1  kg  ball  from  2  m 

1  hit 

2)  Sharp  bladed  tool 

1  hit 

6  kg  from  0.3  m 

Tightness 

Axial  pull 

Temp,  -15  to  45*C 

8  hours 

Load  1000  N 

Tightness 

Bending 

Temp.  -5  to  45*C 

2X5  mins 

Max  45*C  angle  or  max  force  500  N 

Tightness 

Torsion 

Temp.  -5  to  45#C 

2X5  mins 

Max  90*C  angle  or  50  Nm  torque 

Tightness 

Vibration 

Temp.  10’C 

72  hours 

Frequency  10  Hz  -  Amplitude  3  mm 

Tightness 

Temperature  cycling 

-30/+60*C 

10  cycles 

12  hr  cycle  -  40  KPa  pressure 

Tightness 

Freeze  thaw 

Ice  to  water 

20  cycles 

12  hr  cycle  -  40  KPa  pressure 

Tightness 

Chemical  resistance 

Temp.  23*C 

0.1  N  Na  2S04 

0.1  N  NaOH 

0.1  N  H2S04 

0.1  N  NaCl 

Oil  ASTM  0396 

Petrol 

Kerosene 

30  days 

Tightness 

Moisture  vapour 

Temp.  10 *C 

Until  stabilisation 

transmission 

75/15  closure  under  water 
(Ref.  Appendix  1) 

(3  months) 15  ugm/hr 

Resistance  to  stress 

Temp.  504C  in 

168  hrs 

cracking 

a  stress  crack  initiator 
<>i.g.  10%  Igepal  solution) 

Tightness 

Table  1  :  Functional  requirements  for  VP.SM-2  splice  closures  for  use  in  the 
unprossurised  network  of  the  C  naan  Bundespost  l DBF ' .  TL. nr. 5975-3006  (Draft  May  1989) 
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Appendix  1 


Test  method  for  MVT  of  installed  splice 
closures. 

Sample  preparation 

The  qualification  size  at  pccificd  in 
the  applicable  specification  sheet  shall 
be  installed  on  aluminium  „abcs  with  an 
outer  diameter  equivalent  to  the  minimum 
and  maximum  cable  diameter  applicable  to 
that  size.  The  body  diameter  of  the 
samples  shall  be  in  accordance  with 
qualification  sample  description. 

Test  procedure 


Samples  prepared  as  described  shall  be 
connected  to  the  measuring  system  with 
suitable  stainless  steel  tubing  and  con¬ 
nectors  and  shall  be  fully  immersed  in  a 
water  bath  regulated  to  23  i  1*C.  Dry 
air  shall  be  continuously  purged  through 
samples  at  a  constant  rate  of  10  cc/min 
for  the  duration  of  the  test.  The 
sampling  gas  stream  shall  be  analysed 
every  24  hours  for  water  content  by 
means  of  a  hygro-meter  and  flowmeter  or 
other  suitable  arrarjement,  until  a 
conr.ant  rate  of  po.mcation  is  achieved. 
This  shall  bo  recorded  as  the  moisture 
vapour  transmission  rate.  The  flow 
diagram  is  shown  in  the  following 
section. 


Flow  diagram 


Michael  R.  Road 

Raychem  N.V. 
DiesMesteenweg  692 
3200  <\assel-Lo 

Belgium 


Michael  Read  graduated  with  an  honours 
degree  in  Chemistry  from  the  University 
of  Aston  in  Birmingham  (UK)  in  1981.  He 
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on  several  research  and  development 
projects  on  high  performance  materials. 
In  1984  he  was  appointed  Technical 
Manager  for  the  Telecommunications 
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Development  Manager  for  the  Composite 
Technology  Group  in  Belgium. 
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ABSTRACT 

Flra  performance  requirements  (or  electrical  and 
optical  liber  cabling  materials  are  becoming 
increasingly  demanding  and  this  trend  is  expected 
to  continue.  Tho  fire  performance  ol  a  material 
includes  a  variety  of  parameters,  i.e.,  hoat  release, 
llame  spread,  yields  of  smoke,  toxic,  corrosive 
combustion  products. 


SILICONES  —  PROPERTIES 
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In  this  investigation,  these  fire  parameters  were 
obtained  on  silicone  and  several  organic  materials 
used  in  the  cabling  industry.  Recent  development 
efforts  have  focused  on  the  reduction  of  smoke  yield 
and  llame  spread  of  silicone  based  materials,  uur 
findings  suggest  that  silicone-based  materials  offer 
significant  advantages  in  "fire-sensitive"  applications 
In  terms  of  their  hoat  release,  and  low  yields  of 
smoke,  toxic,  and  corrosive  combustion  products. 

The  versatility  and  utility  of  the  cone  calorimoter  In 
the  characterization  of  these  fire  properties  is  also 
demonstrated.  Furthermore,  the  ability  of  the  cone 
calorimeter  to  provide  guidance  in  tho  development 
of  materials  and  their  selection  for  largor-scale 
testing  is  demonstrated. 


INTRODUCTION 

SiAce  their  development  in  tho  1940's,  silicones 
have  developed  into  a  multi-billion  dollar  industry. 
Initially,  products  were  primarily  based  on  their 
unique  thermo-oxidative  stability,  electrical 
properties  and  capability  to  perform  over  a  broad 
range  of  temperatures.  Today,  these  materials, 
because  of  their  many  unique  properties  (Figure  1), 
find  applications  in  industries  ranging  from  electrical, 
construction,  and  automotive  to  cosmetic  and 
medical.  The  products  include  fluids,  resins,  foams, 
gels,  elastomers,  and  sealants. 

In  the  1960's,  the  need  for  a  dielectric  fluid  to 
replace  Arochlors  (PCBs)  prompted  a  thorough 
study  of  the  fire  properties  of  polydimethyisiloxane 
(PDMS)t.2.  In  addition  to  their  environmental 
passivity3,  the  unique  fire  behavior  of  PDMS  was 
documented. 

Silicone  rubber  has  been  used  as  wire  and  cabie 
insulation  since  the  early  1950's.  In  subsequent 
ears,  performance  .equipments  for  coatings  have 
eccme  increasingly  stringent.  Recently,  some  of 
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these  requirements  have  focused  on  tho  fire 
performance  of  cable  coating  materials.  Currently, 
the  most  severe  test  is  the  Steiner  Tunnel  Test  (E- 
84/UL  910)  directed  at  the  assessment  of  tho  flame 
spread  and  smoke  evolution  characteristics  of  the 
coatings.  Current  trends  suggest  that  fire 
performance  requirements  will  increase.  Recently, 
Factory  Mutual  proposed  a  new  system  for 
classifying  cables  based  on  their  ability  to  resist  fire 
propagation4.  In  December,  1986,  New  York  State 
enacted  legislation  requiring  the  filing  of  combustion 
toxicity  on  certain  construction  materials  used  in 
public  buildings.  The  National  Institute  of  Building 
Sciences  (NIBS)  is  currently  supporting  the 
development  of  a  new  combustion  toxicity  test 
protocol.  The  most  recent  fire  performance  issue 
concerns  the  corrosivity  of  combustion  products®. 
Several  laboratories  both  in  the  US  and  Europe  are 
addressing  this  issue. 

In  view  of  these  trends,  and  earlier  improvements  in 
the  fire  performance  of  silicone  cable  coatings 
reported  by  Cabey®,  this  Investigation  into  the  further 
development  and  characterization  of  silicone 
materials  for  electrical  and  optical  fiber  cable  was 
launched.  In  this  study,  the  measurement  of  all  key 
fire  parameters  (Figure  2)  was  accomplished  using  a 
cone  calorimeter  patterned  after  the  unit  developed 
at  the  National  Bureau  of  Standards  -  Center  for  Fire 
Research7. 
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FACTORS  IN  CONSIDERING  FIRE  BEHAVIOR 


materials  is  largely  attributed  to  the  Inlluonce  ollhe 
silica  ash  which  quickly  accumulates  on  tho  surface 
of  tho  burning  sample. 

OPTICAL  FIBER  CABLE  FILLER  COMPOUNDS 

it* At  HifAtt  util  o..  *  2$.  50. 7S 


MATERIAL  PROPERTIES 
OENSITY 

TOTAL  HEAT  CONTENT 
HEAT  CAPACITY 
THERMAL  CONDUCTIVITY 
CHCMICAL  ANALYSIS 

•  HEAT  OP  GASIFICATION 

BEHAVIOR  OF  SAMPLES  IN  FIRE  TESTS 

•  CASE  OF  IONITION 

•  RATE  OF  HEAT  RELEASE 

•  RATE  OF  SURFACE  FLAME  SPREAD 

•  RATE  OF  SMOKE  RELEASE 

•  RATE  OF  TOXIC  GAS  RELEASE 

•  CORROSIVE  COMIUtTION  PRODUCTS 
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EXPFRIMFNTAL 

Complete  construction  details  and  operating 
procedures  are  given  elsewhere^.  Two 
modifications  p.ocossaiy  to  accommodate  tho  unique 
lire  behavior  of  silicones  are:  (1)  tho  stoichiometric 
ratio  relating  heat  enorgy  release  to  oxygen 
consumed  is  14560  kJ/kGfOz)  and  (2)  tho  load  cell 
readings  do  not  provide  a  measure  of  sample  mass 
pyrolysis  rate  because  of  the  deposition  of  large 
quantities  of  silica  ash  ■  a  major  product  of 
combustion  of  silicones.  Mass  burning  rale  Is 
obtained  from  the  measured  rate  of  heat  release  and 
heat  of  combustion  for  silicones  (PDMS)  as  follows: 

Mo  a  RHR/  A  Hcomb, 
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HEAT  RELEASE  RATE- 
EXTERNAL  HEAT  FLUX  DEPENDENCE 


The  materials  used  in  this  study  were  commercial- 
grade  polymors,  elastomers,  and  geis.  The 
elastomers  and  polymers  consisted  of  four-nch 
square  slabs.  1/4-inch  thick.  The  gel  typo  samples 
were  placed  Into  a  round  flat  dish  (14mm  x  120mm) 
lor  lire  testing. 

RESULTS.  ANP.DISCUSSIQN 
Balfl.Qf.HgalRe!easg.(RHR) 


The  rate  of  heat  release  is  a  key  fire  parameter 
which  provides  a  measure  ol  the  rate  at  which  a 
material  will  contribute  heat  to  a  lire  scenario.  RHR 
data  for  optical  fiber  cable  filling  compounds  are 
given  in  Figure  3  for  a  range  of  fire  conditions  (25, 
50,  and  75  kW/mZ).  The  RHR  for  silicone  based 
material  is  substantially  lower  than  the  organic 
based  material.  Furthermore,  note  that  the  silicone 
RHR  Is  virtually  independent  of  the  applied  external 
heat  flux,  i.e.,  fire  intensity.  In  Figure  4,  RHR  data  are 
given  for  several  organic  polymers  commonly  used 
in  electrical  cable  coatings.  Silicones  typically 
exhibit  an  RHR  in  the  range  of  75  to  150  kW/mZ  and 
their  RHR  is  virtually  independent  of  external  heat 
flux.  More  extensive  RHR  -  external  heat  flux 
dependence  data  for  various  polymers  are  given  in 
Figure  5.  This  unique  behavior  of  silicone  based 
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Smoke  Yield 

The  yield  of  smoke  from  burning  electrical  cable 
coatings  is  a  key  performance  requirement.  Quite 
recently,  technology  improvements  have  resulted  in 
the  reduction  of  smoke  evolution  from  both  high 
consistency  silicone  and  liquid  silicone  (LSR)  stocks 
(Figure  6).  It  is  noteworthy  that  the  smoke 
suppression  technology  is  based  largely  on  the  use 
of  hydrated  inorganic  oxides.  Furthermore,  the 

modest  additions  of  these  materials  do  not  . 

significantly  compromise  electrical  and  mechanical 
properties  of  the  coatings.  Halogen-based  lire 
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retardants  are  not  used  In  silicone  cable  coating 
stocks.  Data  (or  sovoral  organic  materials  ara  given 
in  Figure  7. 

ELECTRICAL  CABLE  POLYMERS  —  ORGANICS 
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Qaihrn  Monoxide-Yield 

The  principle  toxic  combustion  product  is  carbon 
monoxide.  Consequently,  our  assessment  ol  the 
relative  potential  toxicity  o(  the  combustion  products 
ol  cable  coating  and  tilling  compounds  is  based  on 
the  quantitation  ol  carbon  monoxide.  The  cone 
calorimeter  gas  analysis  system  includes  on-line 
inlra-red  analyzers  for  both  CO2  and  CO.  In  Figures 
8  and  9.  carbon  monoxide  yield  data  are  given  lor 
the  cable  coating  and  cable  filling  materials  included 
in  this  study.  These  data  demonstrate  the 
exceptionally  low  yield  of  CO  for  silicone-based 
materials  in  flaming  combustion. 


ELECTRICAL  CABLE  COATING  POLYMERS 
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Generation  Rales  of  Combustion  Products 

The  various  yield  parameters  (smoke,  CO)  do  not 
take  Into  account  the  mass  burning  rates  exhibited 
by  the  various  materials.  The  rate  of  formation  of 
combustion  products  Is  dependent  upon  both  the 
yield  ol  the  specific  product  and  the  mass  burning 
rate  of  the  material.  Thus,  the  rate  of  generation  is 
given  by  the  product  of  the  yield  limes  the  mans 
burning  rate, 

(GFt)x=Yx.Ma 

The  combustion  product  generation  rates  (smoke, 
CO)  are  summarized  In  Table  1. 
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Smoke  evolution  and  llame  spr  .rj  are  the  two 
combustion  performance  parameters  assessed  in 
the  Steiner  Tunnel  Test  protocols  (E*84,  UL  910). 
Whereas  the  cone  calonmeter  provides  a  direct 
measure  of  smoke  yield,  an  indirect  measure  of 
flame  spread  must  be  deduced.  The  methodology 
follows  test  procedures  developed  by  Tewarson'°. 
The  time  to  ignition  is  measured  as  a  function  of 
applied  external  heat  flux  (4«)  to  the  test  specimen. 
For  this  measurement,  sample  surfaces  are 
blackened  by  the  addition  of  a  light  coating  of 
carbon  black  to  minimize  surface  reflectivity.  The 
reciprocal  of  Ignition  energy  (Eig  « IT, .  i\i)  Is  plotted 
as  a  function  of  external  heat  flux.  Extrapolation  of 
the  curves  to  1/Esg «  0  allows  the  determination  of 
the  critical  heat  flux  (c$)  for  each  material.  The 
greater  the  value  for  i$,  the  lower  the  expected 
name  spread  for  the  test  material.  The  data  are 
given  In  Figure  10  and  critical  hoal  flux  data  are 
listed  in  Table  2. 

An  additional  parameter  derived  from  these 
measurements  Is  that  of  the  reciprocal  of  the  energy 
of  Ignition  at  an  external  heat  flux  of  60  kW/m*.  This 
heat  flux  is  estimated  to  represent  that  in  the  Steiner 
Tunnel  >U2.  This  parameter  is  also  listed  in  Table  2 
for  several  materials. 


IGNITION/FLAME  SPREAD  PARAMETERS 
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The  cone  calorimeter,  equipped  with  appropriate 
accessory  apparatus,  provides  a  means  for 
measuring  a  wide  variety  of  basic  tire  properties. 
However,  its  ultimate  success  will  depend  on  the 
correlation  of  these  data  with  results  from  large- 
scale  tests  and/or  real  world  experiences.  To  date, 
correlations  of  this  type  are  limited  in  number.  In 
Table  3,  suggested  parameters  lor  use  as  guidelines 
in  predicting  the  performance  of  cable  coalings  In 
the  Sleiner  Tunnel  Test  are  given.  In  addilion  to 
critical  heat  tlux  and  RHR  values,  the  reciprocal  of 
the  energy  ot  Ignition  measured  at  an  external  heat 
flux  of  60kW/m2  and  a  valu6  for  the  specific 
extinction  of  100  m?/kG  are  believed  to  be  useful 
guidelines. 

Based  on  these  four  parameters  [(q«),  (t/E^o. 
(RHR)6o,  specific  extinction)  a  high  consistency 
elastomer  was  selected  for  testing  via  the  E-84 
Steiner  Tunnel  Test.  This  material  far  surpassed  the 
performance  requirements  ol  (lame  spread  and 
smoke  development  criteria  lor  the  Uniform  Building 
Code  (Table  3). 


CONE  CALORIMETER  —  LARGE  SCALE  TESTS 
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UftQC  ICAlt 
E»<'UBC 
AtQummt.HH — 

f|W«M  ItMtwr  I 
I  IwWH  j 


T»H»  ».  Correlation  oi  Cone  Celorineter  rire 
Teel  Pereeolere  with  Lerje-Scele  Teete 
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SILICONES  —  FIRE  PARAMETERS 


(EDMS) 

A  model  lor  the  dearedatlon/combustion  o(  POMS  as 
proposed  by  Llpowitz  Is  given  In  Figure  11.  Details 
ana  discussion  of  this  model  are  given  elsewhere'. 
However,  this  model  together  with  basic 
thermochemical  data  Is  useful  for  providing  Insight 
Into  the  unique  fire  behavior  of  PDMS-basod 
silicones.  Tne  low  rates  of  hoat  release  are  largely 
attributed  to  the  low  heat  of  combustion  for  PDMS, 
its  relatively  high  heat  of  gasification,  and  tho 
mediating  influence  of  the  substantial  yield  o<  silica 
esh  which  Is  deposited  on  tho  surface  of  the  fuel 
source  (Flguro  1 1).  This  silica  ash  insulates  the 
remaining  sample  from  external  radiant  and 
convective  energy.  Consequently,  POMS  based 
materials  exhibit  a  uniquely  low  dependence  of  RHR 
on  external  heat  llux  (fire  intensity))".  The  critical 
heat  flux  for  PDMS  (approximately  22  kW/m")  Is 
considered  to  be  largely  due  to  the  relatively  high 
heat  of  gasification.  The  major  component  of  the 
smoke  emanating  from  combusting  silicones  is 
amorphous  silica'4.  The  reduction  of  smoke  from 
silicone  elastomers  largely  relies  on  the  use  ot 
hydrated  inorganic  oxides  and  crosslinking 
technology  to  promote  char  (silica  ash)  formation. 
These  chars  are  good  electrical  insulators  thus 

providing  extended  retention  of  electrical  Integrity  In 
extremely  high  heat  stross  scenarios's.  The 
combustion  products  of  silicones  (C02,  H20,  SI02) 
are  expected  to  pose  a  minimal  corrosivity  hazard. 


•  tow  RATE  or  HEAT  RELEASE 

•  MINIMAL  EXTtRNAL  HEAT  FLUX  DEPENDENCE 

•  LOW  TLAME  SPREAD  RATE 

•  LOW  YIELD  OF  SMOKE 

•  LOW  YIELD  -  CARSON  MONOXIDE 

•  LOW  CORROSIVITY  -  COMBUSTION  FROOUCTS 

•  SILICA  ASH 

AMORPHOUS  —  PHYSIOLOGICALLY  PASSIVE 
ELECTRICAL  INSULATOR 


tahu:  4. 


The  cone  calorimeter  provides  tho  materials 
development  specialist  with  a  new  test  capability  for 
the  rapid  and  reliable  measuromont  of  a  range  of 
basic  fire  paramojers.  This  Information  facilitates 
product  optimization  and  will  aid  design  engineers 
and  regulating  agencies  In  tho  specification  and 
selection  of  firo-safo  materials. 
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Silicones  encompass  a  broad  range  of  materials 
(fluids,  gels,  resins,  elastomers  and  foams)  with  fire 
properties  which  can  offer  substantial  Improvements 
in  fire  safety  for  the  electrical  and  communications 
industries  (Table  4).  Recent  technology 
developments  demonstrate  the  capability  of  these 
material  to  meet  current  fire  performance 
requirements  and  increasingly  stringent 
requirements  anticipated  for  the  future. 
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Suaitoao  Electric  Indmtriw,  Ltd. 
Yokohama,  Japan 


SWAY 

Instead  of  fluorocarbon  extrusion  process  winch 
Nw  a  pollution  problw,  we  have  developed  a  new 
nitrogen  gas  extrusion  process  for  90  X  expamled 
polyethylene  Insulated  coaxial  cables.  This  process 
provides  a  stable  production  of  cable  at  a  line  speed 
equal  to  that  of  conventional  extrusion  process  using 
fluorocarbon.  The  extrusion  technology  is  realized  with 
specially  designed  equipment  and  Ihe  extrusion  materials 
which  have  liem  developed.  The  cables  lave  proved  to  be 
satisfactory  In  all  appl ications.  This  paper  describes 
the  new  extrusion  process  and  discusses  tlw?  rable 
characteristics. 


J, INTRODUCTION 

Coaxial  cables  with  HOX  expanded  polyethylene 
insulation  are  widely  used  for  CATV  lines  due  lo  their 
excellent  transmission  characteristics.  Up  to  this 
Hoc,  we  developed  l lie  high  expansion  technique  by  using 
fluorocarlxm  am)  adopted  this  lu  actual  mss  productltm. 

But  now  a  serious  pollution  problem  las  bccoae 
evident*.  It  was  found  that  the  fluorocarbon  is  an  air* 
pollutant.  It  ileslroys  tin*  ozone  layer  ami  increases 
ultra-viclet  radiation  which  damages  biological  sysleas 
including  humans.  It  Is  a  worldwide  pollution  problea 
which  should  lie  solved  as  soon  as  possible. 

Besides  fluorocarbon,  other  expansion  leelwusucs 
have  utilized  fluororarlion  substitute,  organic  solvent, 
act  lam1  gas,  aim  nitrogen  gas  as  a  blowing  agent.  But 
Uiere  are  soar*  disadvantages,  as  follows; 


Fluorocarbon  sunstitute:  Sot  coaaerclal 

Organic  solvent  :  Air-pollutant 

Methane  gas  !  Dangerous  due  to  I  ts 

explosiveness  and 
alr*pollutant. 

Nitrogen  gas  :  Non-polluting  and  safety. 

But  iapossible  to  obtain  aore 
Uan  70  X  expansion. 

The  conventional  ni Irogen  gas  extrusion  process 
couldn't  be  applied  to  obtain  rxiamk-d  polyethylene 
insulation  over  70X.  This  is  minly  due  to  difference 
of  expansion  aechamsa  lietwecn  fluorocarbon  and 
nitrogen  gas.  In  case  of  fluorocarbon,  the  advantageous 
properly  is  tlal  the  valorization  just  after  extruded 
antes  II*'  viscosity  of  cell  wall  higher  and  prevents 
-*•11  broken.  Nitrogen  gas  doesn’t  lave  above  effect. 

Froa  the  viewpoint  o(  environmental  t.'itsvivaiieii, 
we  started  to  investigate  am)  lave  succeeded  in  devel¬ 
oping  a  new  nitrogen  gas  extrusion  process,  which  Is 
based  nimn  wir  high  expansion  techniques  using  fluoro¬ 
carbon  amt  a  chenical  blowing  agent. 

This  paper  desert  lies  the  new  extrusion  process  and 
discusses  tin?  cable  characteristics. 

2.  MANUFACTURING  PROCESS* 


2-1. Extrusion  line 
2-l-I.Schemlie  diagram 

A  schemalit  diagram  of  tin*  nitrogen  gas  extrusion 
I iik'  for  manufacturin'}  highly  eviandcd  polyethylene 
insulation  rores  Is  slxivn  in  Fix.  1 .  Ve  remodeled  Uk* 


Fig.  t.  Extrusion  Line 
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conventional  fluorocirbon  extrusion  line  into  this  nrv 
line.  The  proawent  features  of  this  process  are  as 
follows; 

Intrusion  facility;  It  t-on.il sis  of  lamk-a  type 
exiruders  as  liefore.  Hut  the  screws  are  designed  to 
obtain  a  good  aixture  of  nitror.cn  gas  and  polyethy¬ 
lene  In  injection  none  ai«J  not  cause  regular 
fluctuation. 

2)Nilrogen  gas  injection  unit;  Instead  of 
fluorocarbon,  the  mtror.cn  gas  is  usnl  as  blowing 
ajtcnt.  It  is  continuously  supplied  lo  the  priaary 
extrutlcr  uith  the  injection  unit. 

3)Adhe$ive  resin  applicator;  An  adhesive  coalinr,  is 
applied  to  llie  surface  of  toper  conductor  so  as  to 
provide  r,ood  ailliesion  between  the  inner  conductor 
and  insulation  layer. 

2-1*2.  Intrusion  facility 

The  priaary  extruder  functions  to  sell  Uie  polyeth¬ 
ylene  eoapoonds  ai»l  throughly  aix  it  with  the  nitror.cn 
«as  blowing  agent,  which  is  supplied  to  priaary  extruder 
by  tlic  Injection  unit.  Tlic  aixture  is  advanced  to  the 
secondary  extruder,  where  additional  aixinr,  is  actea- 
pi  (shed  and  aalenal  is  cooled  to  a  Icapcrature  which  is 
sui  (able  for  Making  highly  expanded  polyethylene  Hsu- 
laliwi.  After  Hut  the  aixture  ts  extruded  throur.lt  the 
die. 

In  onlcr  lo  sake  a  slahle  extrusion  and  uni  font  ty 
of  polyelhyleiK-  ami  nltror.cn  gas,  the  line  is  carefully 
designed.  tte  aiiopted  lls*  two-stage  extruder  to  obtain  a 
stabl-  gas  pressure  at  Us*  Injection  zotx*  in  Uie  priaary 
extruder.  Tic  pnaary  extruder's  screw  is  a  venting 
type,  which  is  so  designed  Hat  its  venting  gone  Is 
located  just  at  the  gas  inlet  ami  provided  with  special 
alxing  device.  Tlx*  secondary  extruder’s  screw  is  a 
coHon  Mixing  type  and  its  Metering  gone  is  specially 
designed  so  as  not  to  cause  the  regular  fluctuation  of 
out-pul.  In  this  process  extrusion  Icapmlurc  oust  lx* 
strictly  controlled  and  step less  controllers  arc  used 
for  regulating  Icapcrature  of  the  cylinder  barrel,  tlx* 
cross-bead  and  Uie  extrusion  die  of  the  secondary 
extruder. 

2-2-3.  Nitrogen  gas  injection  unit 

The  layout  of  the  injection  unit  Is  shown  in  Fig. 2. 
It  consists  of  the  supply  tank,  coapressor,  pressure 
stabilizer  ami  specially  designed  inlet  valve.  The  gas 
Is  taken  fro«  the  supply  tank  ami  It  is  possible  to 
obtain  desirable  pressure  with  tlx*  pressure  stabilizer. 


Special  Pressure 

Inlet  Valve  Stabilizer  Coapressor 


Fig.  2.  Nitrogen  Gas  Injection  Unit 


We  control  the  aass  flow  of  gas  by  adjusting  the 
gas  pressure  at  inlet  (PI)  and  aolten  polyethylene 
pressure  at  injection  part  of  priwry  exlnider  (P2). 
moreover, in  order  to  prevent  tlx-  fluctuation  of  flow, 
wc  aakc  I'l  constant  with  tlx*  pressure  stabilizer  ami  1*2 
with  the  lwo*stage  extruder. 


2-2-i.  Adhesive  resin  applicator 

Coalahle  plastics,  such  as  aodlfied  low  .tensity 
polyethylene  with  a  high  nelt  index,  arc  applied  lo  the 
surfaee  of  tlx-  conductor  at  the  adhesive  resin  appli- 
cater  »v  a  floating  die.  This  process  is  laaediately  fo¬ 
llowed  by  the  extrusion  of  expanded  insulation.  Tlx? 
adhesive  coaling  insures  good  adhesion  belwccn  the 
conductor  and  expanded  insulation.  If  it  doesn’t  have 
enoiigh  ailliesion.  the  expanded  polyethylene  wouldn't  be 
perfectly  insulated  and  the  cable  core  collapses  Into 
Uie  figure  eight  fora  such  as  Ftg.3. 

2-3.  rtal-rial* 

2-3-1.  Insulation  Materials 

Through  the  Investigation  of  the  conventional 
expanded  extrusion  lechniuus,  such  as  fluorocarbon 
extrusion  and  the  cheatcal  blowing  Method,  we  have 
obtained  tlx?  knowledge  that  the  devclomenl  of  «lcnal 
was  very  laporlant  to  obtain  high  expansion  rate.  Froa 
this  investigation  we  developed  tlx?  new  Material  for 
nl trogen  gas  extrusion. 

Table  1  shows  tlx*  result  of  Material  evaluation.  In 
Table  I,  resin  A.  resin  8  are  Mixture  type  of  tow  densi¬ 
ty  polyethylene  (LOPE)  and  high  density  polyethylene 
(HOPE)  and  resin  C  Is  NOPE  which  is  now  used  as  Insula¬ 
tion  for  telecoMounication  cables  in  our  coapany.  They 
all  contain  a  saall  aaounl  of  antioxidant  and  nucleat¬ 
ing  agent  to  obtain  fine  cells.  Res tn  A  is  a  specially 
Modified  eoMpound  for  new  process,  which  coaprises  LOPE 
with  untune  arrangement  of  side  chain  and  soae  aaoont  of 
special  HOPE  which  provides  a  high  Mechanical  strength 
of  expanded  Insulation  and  iaproves  l tv?  exlrodability. 
Resin  B  is  foraulated  with  above  LOPE  and  resin  C. 

Resin  A  gives  the  nost  desirable  expansion  rate  and  cell 
structure,  but  resin  B  and  resin  C  didn't  show  good 
results. 

2-3-2  Adhesive  Material 

Adhesive  Material  is  aore  iaporlant  for  nitrogen 
gas  extrusion  than  for  fluorocarbon  extrusion.  In  case 
of  nitrogen  gas  extrusion,  it’s  aore  necessary  lo  keep 


Fig.  3.  The  Core  with  the  Figure  Eight  Fora 
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Table  I.  Properties  of  Insulation  Materials 


Materials 

Ilea  " — 

Resin  A 

(Sew  Material) 

Kesln  H 

Kesln  C 

Remarks 

Contents 

im; 

special  i.m: 

Special  IJH’F 

**— 

HUPP. 

Special  HOPE 

Resin  C 

Kesin  C 

Density  (g/c*3) 

0.113 

0.93 

0.90 

Melt  Index  (g/10  am.) 

2.M 

8 

_ 

0.75 

Expansion  Rate  (*) 

HI 

70 

57 

Si<eclfie 

Crarlly  Method 

Cell  Structure 

Fine 

Coarse 

Coarse 

Sot e  :  Conductor  diaaeler  :  2.85  a* 
limitation  diuaetcr:  H.5m 
Mowing  agent  :  .Nitrogen  gas 


Table  2.  Properties  of  Adhesive  Materials 


%tenals 

lie* 

Kesln  D 
(Sew  Material) 

>  Res l n  K  . 
Conventional) 

V  Material  • 

Density  (g/c*3) 

0.92 

0.92 

Melt  Index  (g/IOaln.) 

0.35 

20.0 

Ultlaate  Strength 

(kg/"*3  ) 

1.4 

1.3 

Elongation  (*) 

545 

550 

rore  col  lapsed  inlo  11k*  figure  eight  fora,  «Kn  as 
Pig. 2.  Hy  observing  Fig.3,  there  Is  a  part  of  the  insu¬ 
lation  layer  separated  fro*  the  adhesive  layer  and  it 
has  collapsed.  Ve  suppose)  tlal  l«d  insulation  Is  caused 
tty  the  lack  of  adhesion  between  the  insulation  layer  ami 
the  adhesive  layer.  Tlirnogh  so*e  trials  .  It  lias  been 
clear  that  the  core  easily  collapses  as  liter  expansion 
rate  U-cone  higher,  especially  over  70S. 

Tlterefore.  we  have  developed  a  suitable  cross-head 
tools  and  Modified  adhesive  resin  and  selected  Un¬ 
suitable  prt-hcaltng  te*tK*raluro  and  stuck  temperature 
m  onkrr  to  achieve  enough  adhesion.  We  haw  succeeded 
in  production  nf  the  round  and  good  cores. 


insulation  layer  and  adhesive  layer.  Table  2  shows  Uk* 
result  of  *aterial  evaluation.  Kesln  E  is  used  in  the 
conventional  fluorocarbon  extrusion  in  our  company,  liul 
Ute  adhesion  is  not  enough.  Tlierefure.  resin  0  is 
developed  by  foraulaling  the  resin  K  wiili  special 
additive. 


2-4.Exlursion  condition 

2-4-1  Nitrogen  injection  condition 

Por  the  purpose  of  achieving  desirable  expansion 
rate,  we  adjust  the  gas*  pressure  (PI)  and  Molten  poly- 
ethylene  prwjwurt*  at  the  Injection  gone  in  the  prlaary 
exlrder  (P2)  so  as  to  control  tin*  Mass  flow  of  gas  which 
is  Injected  Inlo  prlMary  extruder  and  Mixed  with  Molten 
polyethylene.  Pig.4  shows  IIk*  relationship  aaong  PI.P2 
and  Uie  exiwmsion  rale.  PI  will  be  controlled  in  Uk* 
range  of  20  —30  k tjar  lustier  linn  P2.  Ordinarily  P2 
is  selected  within  30  —80  kg/ar4  considering  safly  of 
high  pressure  and  stability  of  P2. 


2-4-2  Insulating  condition 

Ue  Made  Uk?  first  cx|K*riMcnt  using  Ukj  saMe  cross* 
head  tools,  adhesive  Material  and  insulation  condition 
for  fluorocarbon  extrusion,  but  it  failed.  The  expanded 
polyethylene  wasn’t  insulated  perfectly  and  Uk?  cable 


Fig.  4  The  Relationship 

aaong  PI ,P2  and  the  Expansion  Rate 
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2*5.  fcnufacturlng 

Two  standard  siaed  CATV  cattles  shown  in  Table  3, 
with  about  Wl  expanded  Insulation  have  hem  successful¬ 
ly  aanufacturcd.  The  extrusion  speeds  are  approximately 
tout  I  to  those  of  the  convention*!  process  using  fluoro¬ 
carbon.  In  case  of  8C-SA  cable  the  cere  diameter  art 
capacitance  are  controlled  within  ±0.6  %  and  ±0.4  X  . 
The  floctuaions  are  shewn  in  Fig.5  ami  Fig.6.  Cross* 
sections  of  expanded  Insulations  are  Shewn  in  Flg.7  art 
Fig.8,  illustrating  that  the  both  cell  structures  arc 
excellent  and  equal  to  those  made  liy  using  fluorocarbon. 


Fig.  7.  Cross-Section  of  8C-SA  Cable 


Table  3.  Cable  Structures 


Cable  Type 

8C-S A 

12C-SA 

Diameter 

of  Innner  Conduclor 

<mm) 

m 

2.85 

Diaoeter  of  Core 

(«) 

8.50 

n.so 

Diameter 

of  Outer  Conduclor 

(«) 

n.so 

52.70 

Dialler 

of  Polyethlene  Jacket  <mm) 

11.90 

15.30 

Fig.  8.  Cross  Section  of  12C-SA  Cable 


SO  n 


Fig.  5.  Diameter  Fluctuation  of  8C-SA  Cable 


Fig.  G.  Capacitance  Fluctration  of  8C-SA  Cable 
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Table  4.  Properties  of  Cable* 


~  '  ~ — - — Cable  Size 

\Um  - - _ 

8C-SA 

J2C-SA 

t 

•mm 

fit 

1  Attenuation  Constant  at  250  MHz  (dft/M) 

52 

35 

Characteristic  laecdance  at  10  MHz  (Q) 

75 

75 

il 

2 

Oixsipation  Factor  at  23  TT 

0.7  X10'* 

0.7  X10*’ 

iliclcctf  tc  Constant  tt  23  “C 

1.24 

1.24 

B 

lending  Test 

So  Cracks 

So  Cracks 

—  W 

n 

s  t* 
>g  M* 

Pull-Out  Strength  (kg/20ea) 

Inner  Conductor  to  Insulation 
Outer  Conductor  to  Insulation 

Over  20 

4.5 

Over  20 

7.0 

1 

Vibration  Test 

Cracks 

So  Cracks 

Hole 

I)  lending  test  condition 

tending  diameter  :  238  m  (  8C-SA) 

306  m  (12C-SA) 
lend  Inc  angle  :  ±180  4  /  cycle 

Munber  of  bending  :  3  cycle* 

3)  Vibration  test  condition 

The  cables  are  fixed  as  shown  in  Fig.12 
Amplitude  :  ±5  m 

Cycle  :  10  Mz 

Nunber  of  tines  I  1  si  1 1  ion  tines 

UWC  IC-SA) 
IO»03C-SA> 


Fig.  12  Vibration  Condition 


3.  PROPERTIES  OF  CABI.ES 

Table  4  sltovs  the  electrical  and  nechanical  proper- 
lies  of  CATV  cables  using  Uns  new  process. 

3-1  Kleclrical  profiles 

The  freipiency  characteristics  of  attenuation 
constants  and  the  VSV'R  claraderlslics  arc  slwvn  ir. 
FiR.fl  UiroiiRli  Fin.ll.  Attenuation  constants  are  equa I 
to  those  of  cables  aanufacturcd  in  conventional  fluoro¬ 
carbon  extnision  and  the  VSVR  darts  show  excellent 
proixTlies  due  to  stable  extrusion  and  specially 
designed  extnision  line. 

3-2  Mechanical  properties 

Bending  test,  pull-out  strength  lest  ami  vibration 
test  are  carried  out  and  sliov  gcod  results  compared  to 
conventional  cables. 


4.  CONCLUSION' 

An  extnision  technique  of  highly  expanded  polyelhy* 
lene  hy  nitrogen  gas  has  been  developed  ami  applied  to 
CATV  cables  instead  of  conventional  fluorocarbon,  which 
causes  llie  air-pollution.  Main  features  of  our  nitrogen 
gas  extnision  process  are  as  follows.: 

(1)  Kon-pol  lilting  and  safe  high  expansion  process. 

(2)  The  proeess  uses  a  specially  designed  extnision 
line  and  aalrials. 

•A  specially  designed  two-stage  exlmder  to 
obtain  gooil  unifor*ity  of  polyethylene  ami 
nitrogen  gas. 

•A  specially  designed  cross-head  tools  awl 
a  specially  aodifteii  adhesive  Ktterial  lo 
realize  tlie  insulation  with  round  core. 

•A  specially  modified  insulation  mterial 
for  high  expansion. 
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Attenuation  Constant  (tS8/fc*) 


IOO 


Fin-9  Attenuation  Constants  vs  Frequency  Characteristics 


Frequency  (Ufa) 

M  400  600  800  1000 


m  ‘100  600  800  1000 


Fig. 11.  VSVR  Characteristics  of  12C-SA  Cable 
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ABSTRACT 

Blends  of  rubber,  polyethylene  and  mineral  oil  are 
used  to  fill  buried  telephone  cables  to  limit  water 
intrusion  that  may  adversely  affect  their 
performance.  Rheological  measurements  show  the 
material  to  be  resistant  to  permanent  chemical 
degradation  that  can  occur  during  processing  or 
prolonged  exposure  to  elevated  temperatures. 
Studies  done  at  60  ®C  show  the  material  to  exist  as 
a  phase  separated  system  with  any  applied 
deformation  causing  structural  breakdown  and 
reduction  in  viscosity  and  moduli.  The  structural 
breakdown  Is  physical  because  the  Initial 
properties  are  recovered  upon  heating  the  sample 
above  its  separation  temperature.  Studies  done  on 
individual  components  (rubber,  polyethylene)  reveal 
that  the  rubber  is  dissolved  in  the  mineral  oil; 
the  polyethylene  crystallites  act  as  a  suspension 
forming  an  incipient  network  that  Is  disrupted  by 
shear.  Room  temperature  studies  Indicate  a 
significantly  reduced  sensitivity  of  the  structure 
to  any  applied  deformation.  The  material  is  much 
more  elastic  than  viscous,  retaining  much  of  its 
structure  to  support  water  pressure  heads.  The 
improved  elastic  properties  are  a  consequence  of 
the  rubber  existing  In  a  microphase  separated 
state  and  forming  sufficiently  strong  physical 
cross-links. 


1.  INTRODUCTION 

Polyolefin  insulated  telephone  cables  (PIC) 
in  the  buried  environment  are  filled  with  polymeric 
compounds  to  prevent  water  intrusion  that  can 
adversely  affect  their  performance  (1,  2).  The 
original  PIC  cable  In  buried  plant  had  an  unfilled, 
air  core  with  po’;,  jthylene  conductor  Insulation  and 
a  polyethylene  outer  jacket.  In  the  burled  environ¬ 
ment,  these  cables  were  susceptible  to  water  pene¬ 
tration  through  pin-holes  in  the  outer  jackets, 
damages  caused  by  the  rigors  of  installation  or 
stress  cracking  of  the  polyethylene.  Consequently, 
a  petroleum  jelly  (PJ-  oil  and  wax)  was  introduced 
as  a  filler  (3)  to  limit  the  void  in  the  core.  This 
material  proved  to  be  unsuitable  because  it  'lowed 
in  the  cable  during  storage  and  ran  out  of  It  In 
hot  weather. 

A  high  viscosity  material,  consisting  of  a 
mixture  of  polyethylene  and  petroleum  jelly  (PEPJ), 
was  subsequently  developed  [1,  3).  This  material 
caused  handling  problems  during  splicing.  In 
addition,  it  is  brittlq  at  room  temperature  and 


produces  voids  by  thermal  shrinkage  through  which 
water  can  penetrate.  Presently,  the  PEPJ  compounds 
have  mostly  been  superceded  by  extended  thermoplas¬ 
tic  rubbers  (ETPR)  which  are  block  copolymer  solu¬ 
tions  in  mineral  oil  [1].  These  materials  arc  easy 
to  handle,  and  are  less  likely  to  form  voids  by 
thermal  shrinkage  since  they  remain  rubbery 
("soft**)  at  low  temperatures. 

In  this  paper,  we  use  rheological  tech¬ 
niques  to  assess  the  effect  of  processing  on  the 
properties  and  reliability  of  the  ETPR  compound. 
This  is  part  of  ar,  overall  study  to  better  under¬ 
stand  the  water  blocking  ability  of  the  filling- 
compound  and  to  provide  guidelines  for  more  effec¬ 
tive  water  resistant  cables.  These  are  important 
Issues  because  there  have  been  reports  of  filling- 
compound  failures  arising  from  oil  separation  from 
the  bulk  material.  Furthermore,  there  Is  consider¬ 
able  Interest  in  replacing  pressurized  cables  In 
underground  duct  systems  (urban  environments)  with 
fMled  cables.  The  high  costs  associated  with  new 
pressurized  plant,  combined  with  the  splicing 
advantage  of  color  coded  cables  make  filled  systems 
very  attractive.  However,  the  cables  in  on  under¬ 
ground  environment  are  exposed  to  more  severe 
conditions  since  they  can  be  under  as  much  as 
twenty  feet  of  water.  The  filling  compounds  must  be 
capable  of  limiting  water  intrusion  at  such  pres¬ 
sure  heads  to  prevent  degradation  of  the  electrical 
properties  of  the  cables  and  splices.  The  absence 
of  an  incipient  trouble  Indicator,  such  as  an  air 
leak,  places  the  burden  of  cable  integrity  on  the 
filling  compounds  and  the  splice  encapsulants. 

2.  EXPERIMENTS 

Materials 

The  principal  components  of  the  filling- 
compound  used  in  our  study  consist  of  a  styrene- 
ethylene/butylene-styrcne  (S-EB-S)  triblock 
copolymer  (Krayton  G,  manufactured  by  Shell)  with 
a  molecular  weight  of  54,000  and  a  S/EB  ratio  of 
29/71,  a  low  molecular  weight  polyethylene,  and 
mineral  oil.  These  are  mixed  to  obtain  the  final 
product  with  approximately  the  following  weight 
composition:  88%  mineral  oil,  6%  SEBS  rubber,  4% 
polyethylene,  2%  antioxidants  and  stabilizers  (4). 
Depending  on  temperature,  this  material  may  exist 
as  a  macro-  or  a  combination  of  macro-  and  micro¬ 
phase  separated  system.  The  macro-phase  separation 
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occur*  below  -100  *C  when  the  polyethylene 
crystallites  form  *  suspension.  The  micro-phese 
seperstion  depend*  on  the  interaction  of  the 
solvent  with  two  thermodynamically  Incompatible 
phases  (PS  <nd  Pf.B)  of  the  rubber.  Since  the 
solubility  perimeter  of  mineral  oil  (<,■ 7.4)  is  not 
in  between  that  of  PS  (9.1)  and  P£6  (7.9).  but 
close  to  that  of  PEB.  it  can  only  solvate  this 
elastomeric  nld-block  [5].  The  PS  end-blocks  unite 
to  form  submicroscopic  particles  or  domains,  the 
shape  and  size  of  which  arc  functions  of  both  the 
concentration  and  temperature  of  the  system.  At  our 
low  concentration  of  6X  SEBS  rubber,  spherical 
microdomains  (6,  7]  may  be  formed.  The  microphase 
separated  system  undergoes  a  transition  from  the 
ordered  to  the  disordered  state,  referred  to  as  the 
microphase  separation  transition  (HST)  [6-9],  at  a 
certain  temperature. 

Mfttlfi4t 

Rheological  techniques  were  used  in  this 
study  because  the  viscoelastic  properties  are 
directly  related  to  the  processing  and  water 
blocking  ability  of  the  cable-filling  compound. 
Steady  and  dynamic  shear  experiments  were  used  to 
Investigate  the  properties  of  the  system.  The 
steady  shear  experiments  are  useful  to  simulate 
flows  under  processing  conditions  as  they  provide 
viscosity  data  as  a  function  of  shear  rate.  For 
complex  systems,  however,  the-  •easurements  do  not 
provide  suf*  Informat. jn  on  the  long-range 
order  as  sh  ers  the  mlcrostructurc  of  the 
system.  On  .  <r  hand,  the  small  deformation 
applied  in  v  c  tests  does  not  alter  the 
microstructure  ui  a  system  and  Is  effective  In 
probing  any  long-rcnge  order  that  may  exist.  In  the 
dynamic  experiments,  a  sinusoidal  strain  7  Is 
Imposed  on  the  sample  at  a  frequency  w  and  strain 
amplitude  70, 

7  ■  70  sin  wt  (1) 

In  the  linear  viscoelastic  (low  strain)  regime,  the 
resulting  stress  Is  also  oscillatory  and  can  be 
decomposed  i«to  two  parts  [10]: 

rv»  “70  C  G*  sin  wt  +  6"  cos  wt]  (2) 

The  stress  response  in-phase  with  the  strain  de¬ 
fines  the  storage  or  elastic  modulus  G*.  and  the 
out-of-phase  response  defines  a  loss  or  viscous 
modulus,  G".  The  elastic  modulus  is  sensitive  to 
the  structure  of  the  material.  The  dynamic  analog 
to  the  steady  shear  viscosity  (7)  is  the  complex 
viscosity  defined  as, 

7*  ■  [G**  +  G,'5],/,  /  w 

A  Rheometrics  Mechanical  Spectrometer  (RMS  800) 
having  a  cone  and  plate  geometry  was  used  for  our 
measurements.  Data  were  taken  at  60  °C  and  25  °C 


because  they  are  typical  of  the  temperatures  used 
in  drip  and  pressure  head  tests  respectively. 

X  RESULTS 

An  Important  aspect  of  this  study  has  been 
to  determine  the  effects  of  processing/shear  and 
thermal  aging  on  the  properties  of  the  filling- 
compound.  Fig.  1  illustrates  the  effect  of  shear  on 
the  viscosity-shear  rate  response  of  the  material 
at  60  #C.  The  first  run  (Run  1)  was  made  after 
putting  the  sample  in  the  rheometer  and  heating  It 
to  60  VC.  With  each  subsequent  measurement  (Runs  2 
and  3),  we  find  the  viscosity  to  decrease  at  low 
shear  rates.  This  Indicates  that  shear  breaks  down 
the  long-range  microstructural  order.  The  compar¬ 
able  values  between  Runs  2  and  3  indicate  that  most 
of  the  long-range  order  has  been  destroyed  by  the 
end  of  Run  2.  After  Run  3.  we  heated  the  sample  In 
»Ru  in  the  rheometer  to  100  °C  (the  material  Is 
homogeneous  and  has  a  Newtonian  viscosity  at  this 
temperature)  and  held  It  there  for  20  minutes.  Run 
4  shows  the  viscosity  of  the  sample  after  it  has 
been  cooled  back  to  60  °C.  The  viscosity  of  the 
sample  has  increased  by  more  than  an  order  of 
magnitude  at  low  shear  rates.  We  therefore  find 
that  the  shear  induced  degradation  Is  reversible 
and  the  material  recovers  Its  structure  when 
heated  above  Its  separation  temperature.  The  big 
difference  In  viscosity  at  low  shear  rates  suggest 
that  the  long-range  order  of  the  sample  is  extreme¬ 
ly  shear  sensitive.  The  convergence  of  the  visco¬ 
sities  at  high  shear  rates,  on  the  other  hand, 
suggests  that  the  short  range  structure  of  the 
material  is  relatively  insensitive  to  shear  his¬ 
tory. 

Dynamic  oscillatory  experiments  were 
performed  to  probe  further  the  shear  sensitivity  of 
the  cable-filling  compound.  In  Fig.  2,  the  effect 
of  strain  amplitude  on  dynamic  properties  are 
plotted.  At  the  Initial  strain  of  0.5X,  the  elas¬ 
tic  modulus  is  larger  than  the  viscous  modulus  by 
a  factor  of  3.  The  rapid  decrease  of  G’  with 
increasing  strain  is  indicative  of  structural 
breakdown  [11,  12].  At  a  strain  of  -5%.  there  is 
a  cross-over  between  G*  and  G",  and  the  material 
becomes  more  viscous  than  elastic  beyond  this 
strain.  The  increase  in  loss  tangent  (tan  S), 
defined  as  G"/G‘,  from  -0.2  (solid-like  behavior) 
to  -3.5  (fluid-like  response)  by  the  end  of  the  run 
indicates  structural  breakdown.  The  sharp  increase 
in  tan  S  for  strains  up  to  -10%  clearly  reveals  the 
sensitivity  of  the  long-range  order  to  any  small 
deformation.  With  increasing  strains  an  equilib¬ 
rium  structure  is  reached  as  evident  by  the  asymp¬ 
totic  behavior  of  tan  S  and  similar  steady  shear 
viscosities  of  different  runs  (Fig.  1). 

The  thermal  stability  of  the  filling- 
compound  was  tested  by  maintaining  it  at  140  °C  for 
58  days,  and  then  measuring  its  rheological  proper- 
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ties.  Th«  viscosity  shear-rate  data  of  such  a 
sample  is  plotted  in  Fig.  3.  Runs  1  and  2  were 
done  sequentially  after  putting  the  sample  In  the 
rheometer  and  heating  it  to  60  "C.  The  data  in  Run 
3  were  taken  after  the  sample  had  been  heated  to 
and  cooled  back  from  100  *C.  As  In  the  fresh 
sample,  the  aged  material  shows  reversible  shear 
induced  degradation.  In  addition,  the  viscosity 
values  fall  within  the  envelope  defined  by  that  of 
a  fresh  sample  (lines),  Indicating  that  ETPR  Is 
unaffected  by  adverse  thermal  conditions. 

Dynamic  measurements  were  used  to  study  the 
effect  of  annealing  on  the  properties  of  a  shear* 
degraded  material.  In  Fig.  4,  we  have  plotted  the 
loss  tangent  (tan  f)  as  a  function  of  frequency(w). 
Here,  a  sample  cooled  from  100  *C  to  60  *C  was 
sheared  for  12  minutes  at  a  shear  rate  of  0.4  s'*. 
The  dynamic  properties  were  then  measured  at  a 
strait/  of  10%  (Sheared).  After  maintaining  the 
sample  at  that  temperature  for  IS.S  hours,  we 
measured  its  properties  again  (Annealed).  We  find 
the  loss  tangent  to  be  slightly  smaller  fur  the 
second  run  at  low  frequencies.  Since  the  elastic 
modulus  (G‘)  Is  sensitive  to  the  structure  of  the 
material  and  the  loss  modulus  (G“)  to  the  viscous 
dissipation,  a  smaller  tan  t  indicates  the  build  up 
of  some  long-range  order  with  time.  This  Is  how¬ 
ever  much  smaller  than  what  Is  observed  when  a 
sample  Is  heated  above  Its  separation  temperature 
(Fig.  1,  Runs  3  and  4).  Note  that  the  high  frequen¬ 
cy  responses  of  the  twq  samples  are  similar  because 
we  are  then  probing  only  very  short-range  features 
of  the  microstructure  at  this  strain  amplitude. 

The  effect  of  cooling  rate  on  the  viscosity 
of  the  filling-compound  is  shown  in  Fig.  S.  Two 
samples  were  cooled  InaMu  from  100  #C  to  63  QC,  one 
in  8  minutes  and  the  other  in  2  hours.  We  find 
that  rapid  cooling  of  the  sample  results  in  a 
higher  viscosity  at  low  shear  rates.  Thus,  the 
long-range  features  of  the  microstructure  are 
different  In  the  two  cases;  rapid  cooling  gives  a 
kinetically  controlled  structure  whereas  slow 
cooling  results  in  a  thermodynamically  controlled 
structure.  Fig.  6  shows  the  time  dependent  be¬ 
havior  of  the  kinetically  derived  structure.  In 
this  figure,  the  dynamic  moduli  is  plotted  as  a 
function  of  time  for  a  sample  that  was  cooled  from 
100  °C  to  60  °C  in  *7  minutes.  In  order  to  prevent 
shear  Induced  structural  breakdown,  we  perturbed 
the  sample  every  20  minutes  instead  of  applying  a 
continuous  sinusoidal  deformation.  The  dynamic 
properties  show  little  change  in  the  five  hours  of 
the  experiment,  suggesting  that  the  relaxation  or 
transition  of  the  kinetically  frozen  structure  to 
the  thermodynamically  favored  one  requires  very 
long  times  if  it  occurs  at  all. 

4.  DISCUSSION 

Measurements  were  done  on  the  individual 


components  of  the  filling  compound  at  60  °C  to 
better  understand  Its  observed  behavior.  The 
effect  of  strain  on  the  dynamic  viscoelastic  pro¬ 
perties  of  a  12  wt.  X  rubber  In  mineral  oil  is 
shown  in  Fig.  7a.  Unlike  the  filling-compound,  we 
find  the  rubber  solution  tc  be  strain-independent 
for  relatively  large  strains.  The  shape  of  the 
curves  arc  similar  to  polymer  solutions  and  reveal 
no  structural  breakdown.  The  excellent  agreement 
between  successive  runs  also  Indicates  absence  of 
any  structure.  A  plot  of  the  moduli  and  complex 
viscosity  (•»*)  as  a  function  of  frequency  (Fig.  7b) 
show  presence  of  a  zero-shear  q*.  and  G',  G"  to 
have  slopes  approximating  I  a*.d  2  at  low  frequen¬ 
cies  —  behaviors  typical  of  polymers  dissolved  in 
a  solvent  (13) .  On  the  contrary,  a  plot  of  the 
loss  tangent  versus  strain  of  a  10  wt.X  polyethy¬ 
lene  In  mineral  oil  (Fig.  8a)  reveal  the  presence 
of  structure  (tan  t  <  1  at  low  strains)  that  is 
disrupted  with  increasing  strain,  similar  to  that 
of  the  filling-compound  (Fig.  2).  A  follow-up  to 
the  first  run  (Run  2)  show  that  most  of  the  long- 
range  order  was  destroyed  In  the  first  experiment 
because  tan  <  is  greater  than  unity  for  nil  stra¬ 
ins.  In  Fig.  8b,  the  flat  moduli  versus  frequency 
curves  Indicate  the  material  to  have  an  elastic 
(suspension-like)  character,  but  comparable  values 
of  G*  and  G"  suggest  absence  of  any  yield  stress. 
Thus,  at  60  °C.  ETPR  exists  as  a  macrophase 
separated  system.  The  rubber  is  solvated  by  mine¬ 
ral  oil;  the  polyethylene  crystallites  acts  as  a 
suspension  that  forms  some  Incipient  but  labile 
network  structure.  The  extreme  shear  sensitivity 
make  the  filling-compound  incapable  of  supporting 
any  pressure  at  this  temperature. 

Dynamic  experiments  were  conducted  at  room 
temperature  (-25  °C)  to  assess  the  reliability  of 
the  cable-filling  material  at  lower  temperatures. 
Fig.  3a  shows  the  moduli  versus  frequency  response 
of  the  rubber  component  in  mineral  oil.  At  this 
temperature,  the  flat-shaped  curves  along  with  a 
substantially  larger  G'  over  G"  indicate  the 
presence  of  a  gel-like  material  (14),  We  believe 
that  the  rubber  exists  in  a  microphase  separated 
state  with  the  polystyrene  microdomains  forming 
physical  cross-links.  These  cross-links  are  suffi¬ 
ciently  strong  because  we  observe  no  structural 
breakdown  with  strain  (Fig.  9b)  and  good  overlap 
between  the  two  runs  in  Fig.  9a,  where  Run  2  was 
conducted  following  the  strain  sweep. 

The  frequency  dependence  of  the  moduli  of 
the  filling-compound  are  plotted  in  Fig.  10a.  We 
find  a  strong  similarity  between  this  and  the 
rubber  component  behavior.  In  addition,  we  find 
the  strain  and  frequency  response  of  the  polyethy¬ 
lene  component  (not  shown)  to  be  similar  to  its 
behavior  at  60  5C  (Fig.  8).  All  these  suggest  that 
ETPR  at  room  temperature  exists  as  both  a  macro- 
(PE)  and  micro-phase  (SEBS)  separated  system  with 
the  rubber  component  dictating  its  behavior.  From 
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Fig.  10b,  which  plots  6*,  G“  and  tan  (  as  a 
function  of  strain,  we  find  a  significant  reduction 
in  shear-induced  breakdown.  The  loss  tangent 
remains  strain  Invariant  at  -0.2  indicating  that 
the  material  retains  much  of  Its  elastic  structure 
to  support  pressure  heads. 

S.  SUMMARY 

Rheological  studies  on  a  cable  filling  compound 
composed  of  a  block  copolymer,  polyethylene  and 
mineral  oil  revealed  the  following: 

The  cable  filling  compound  is  resistant  to 
any  permanent  chemical  degradation  that  can  be 
caused  by  processing  or  prolonged  exposure  to  h?;1: 
temperature.  Studies  at  60  °C  show  that  the 
material  Is  extremely  shear  sensitive  and  suffers 
structural  breakdown  with  any  applied  deformation. 
Rough  handling  of  the  cables  could,  therefore, 
lower  the  viscosity  and  moduli  of  the  material  and 
mike  it  more  susceptible  to  water  penetration.  The 
material  does  not  have  a  yield  stress  and  will 
therefore  not  be  able  to  support  any  water  pressure 
heads. 

The  structural  breakdown  is  physical  in 
nature  because  the  Initial  properties  are  recovered 
upon  heating  the  sample  above  a  critical  tempera¬ 
ture.  Annealing  also  results  in  a  slight  recovery 
of  properties.  The  rate  of  cooling  the  material 
also  affects  Its  final  properties  and  possibly  Its 
microstructure.  During  the  cable  filling  process, 
differences  In  cooling  time  may  lead  to  non-uniform 
materials  having  variable  degrees  of  water  blocking 
ability. 

Studies  done  on  the  Individual  components 
of  the  filling-compound  reveal  that  the  properties 
of  the  material  at  60  ®C  is  dominated  by  the  poly¬ 
ethylene  component.  The  rubber  is  compatible  with 
mineral  oil.  However,  the  polyethylene  crystal¬ 
lites  form  a  network  structure  that  can  be  dis¬ 
rupted  by  shear. 

Room  temperature  results  indicate  a  sig¬ 
nificantly  reduced  sensitivity  of  the  structuie  to 
any  applied  deformation,  with  the  material 
retaining  most  of  its  structure  to  support  pressure 
heads.  The  Improved  elastic  properties  result  from 
the  rubber  existing  In  a  microphase  separated 
state,  and  its  polystyrene  domains  forming 
sufficiently  strong  physical  cross-links. 
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Fig.  1  Effect  of  shear  on  the  viscosity  vs.  shear  rate  behavior  of  a  polymer  blend  cable-filling  compound. 
Runs  1  through  4  were  done  sequentially  after  loading  the  sample  in  the  rheometer  and  heating  it  to  60  eC. 


X  stroin 

Fig.  2  Effect  of  strain  amplitude  on  the  dynamic  viscoelastic  functions  of  a  polymer  blend.  The  test  was  done 
at  60  *C  after  cooling  the  sample  from  100  *C.  The  frequency  of  oscillation  was  2.5  rad/s. 
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Fig.  3  Viscosity  of  an  aged  sample  (58  days  at  140  'C)  are  compared  to  that  of  fresh  samples  (lines).  The 
runs  were  done  sequentially  at  60  °C;  the  sample  was  heated  to  100  °C  and  cooled  back  again  prior  to  run  3. 
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Fig.  4  Eff«ct  of  annealing  or.  the  loss  tangent  of  a  polymer  blend.  The  behavior  of  a  sample  immediately 
following  shear  (0.4  s'*  for  12  minutes)  and  after  annealing  (15.5  hrs.)  are  shown  at  a  constant  strain  of  10%. 
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Fig.  5  The  influence  of  cooling  rate  on  the  viscosity  of  a  cable-filling  compound.  The  samples  were  cooled 
in  situ  in  the  rheometer  from  100  *C  to  60  "C,  one  in  -7  minutes  and  the  other  in  -2  hours. 
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Fig.  6  Dynamic  viscoelastic  properties  as  a  function  of  time  for  a  sample  cooled  from  100  °C  to  60  °C  in  -7 
minutes.  The  frequency  and  strain  amplitude  were  0.1  rad/s  and  1.5  %  respectively. 
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Fig.  7  The  dynamic  moduli  and  complex  viscosity  of  the  rubber  component  of  the  filling- 
compound  (12  wt.  X  PEB  in  mineral  oil)  as  a  function  of  (a)  strain  under  a  constant  frequency  of 
2.5  rad/s,  and,  (b)  frequency  at  a  constant  strain  of  8X.  The  measurements  were  done  at  60  *C. 


Fig.  8  (a)  Effect  of  strain  on  the  loss  tangent  of  the  polyethylene  component  (10  wt.X  in 
mineral  oil)  of  the  cable-filing  compound  at  60  'C.  The  frequency  was  fixed  at  2.5  ra d/s.  (b) 
Oynamic  moduli  and  complex  viscosity  as  a  function  of  frequency  for  the  same  sample  at  a  strain 
of  1.5X. 
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Fig.  9  The  clastic  and  loss  aod»U  of  the  rubber  component  at  root*  temperature  as  a  function 
of  (a)  fr«qu«ncy,  and,  (b)  strain.  The  strain  in  (a)  and  the  frequency  in  (b)  were  fixed  at  1.5X 
and  2.5  rad/s  respectively. 


Fig.  10  Dynamic  Material  functions  of  the  polymer  blend  filling-compound  at  room  temperature 
as  a  function  of  (a)  frequency,  and,  (b)  strain.  The  strain  and  frequency  were  kept  constant  in 
(a)  and  (b)  respectively  at  1.5X  and  2.5  rad/s. 
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ABSTRACT 

II)'  polishing  10-dcgrec  angles  onto  Rosary  Mechanical  Spike*  a.vl 
ST*  connectors,  very  k>w  ('reflcctionles*')  level*  e(  return-loss  (less 
lion  -(SO  till}  ire  achieved,  Environmental  stabilities,  and  field 
installation  result*  are  given  for  insertion  ion  and  want  lost. 
Angled  Rotary  splice*  arc  also  shown  to  be  tunable  to  very  tow 
(0.05  dB)  Insertion  losses. 

Hie  return. losses  demonstrated  qualify  angled  Rotary*  and  ST* 
connector*  *  for  analog  video  systems  where  worjt  casc  reflection*  of 
less  titan  -40  dn  arc  now  deemed  necessary'. 
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INTRODUCTION 

How  and  why  mechanical  splice  and  connector  Fresnel  reflections 
cause  Intensity  noise  in  laser*  and  power  penalties  in  digital  optical* 
filer  systems  have  been  vigorously  debated  question*  for  the  past  few 
year*.  Recently,  standard*  bodies  have  come  to  general  agreement 
dot  worst-case  reflectances  that  are  less  than  -25  dB  or  more 
conservatively  -30  dB  will  have  no  adverse  effect  on  present  and 
future  digital  lightgulde  transmission  systems.  Most  mediant  cal 
splices.  Including  die  Rotary  Mechanical  Splice  (RMS),  and 
physically  contacting  ST  connectors  have  worst  case  reflectances  less 
titan  >30  dB  and  are  excellent  choice*  for  any  digital  network.1'1 

Now  the  new  'reflection'  question  is  how  amplitude*modulated  (AM) 
video  system  performance  is  affected.  First,  optical  Isolator*  are  used 
on  transmitter*  to  limit  icflcctcd  energy  from  splices,  from  connectors 
and,  just  as  itnponandy,  from  the  fiber  itself  (Raleigh  backscatler). 
Tltis  leaves,  however,  the  question  about  affects  of  re-reflected  energy 
from  these  same  components  into  die  receiver.  Although  AM  analog 
video  systems  using  LASER  LINK"  1  and  standard  RMS's  are 
presently  performing  satisfactorily,  a  low-reflection  angle-polish  Is 
available  for  the  RMS  if  video  system  operators  desire  or  if  future 
systems  demand  extremely  low  splice  reflectance.  A  similar  angle- 
iwlish  on  the  ST  connector  could  be  mode  available  if  applications 
warrant. 


BACKGROUND 

Reflections  from  fiber  interfaces  (mechanical  joints)  result  front 
refractive  Index  changes;  Le.  Index  matching  material*  at  spikes,  air 
or  air  bubbles,  poorly  polished  surfaces,  scratches,  glass  compaction, 
debris  and  to  a  (ester  degree,  optical  differences  between  fiber*. 
Various  techniques  have  been  employed  to  reduce  these  reflectances. 
These  include:  careful  selection  of  index  matching  materials  for 
splice*  with  a  refractive  index  the  same  as  the  fiber,  selection  of 
polishing  media  to  avoid  surface  and  subsurface  damage, FI  fiber-to- 
fiber  contact  for  connectors,  ant  oblique  fiber-end-fxc*. 

For  mechanical  spikes,  selection  of  the  proper  Index  matching 
material  U  relatively  easy,  and  when  fiber  tnd-faecs  arc  properly 
prepared  In  the  laboratory,  reflectances  for  both  spikes  and 
conneelor*  can  be  at  very  low  levels.  Fkld  preparation,  however, 
may  introduce  conditions  that  leave  slight  Imperfections  of  polished 
filer  surfaces  which  cause  some  reflection.  Typical  reflectances  from 
field  instalkd  standard  Kottry  spikes  Jnd  standard  ST  connector* 
range  from  about  *30  dB  to  almost  unmeasurable  levels  of  about  *70 
dB  with  an  average  of  less  than  -IQ  dB.  loose  levels  of  reflected 
light  will  have  no  effect  on  digital  and  frequency-modulated  (FM) 
analog  systems.  AM  analog  system*,  on  the  other  hand,  arc  believed 
to  require  a  lower  maximum  value  of  *40  dB  and  an  average  value  of 
less  dun  -JO  dB. 


1  I ASDt  USK  li  •  mkwui  v*  Aaiiur 

Hie  casicjt  method  of  controlling  reflectance*  from  mechanical  joint* 
to  meet  AM  need*  Is  rex  to  reduce  die  reflection*  thcmsclve*,  but  to 
(trevem  die  reflected  and  re-reflected  light  energy  from  being  captured 
and  guided  by  die  fiber  back  to  die  later  source  or  ahead  to  the 
receiver.  A*  mentioned,  optical  isolator*  stop  fiber,  connector,  and 
spike  reflections  from  entering  transmitter*,  bus  do  nos  prevent  re- 
reflected  energy  from  finding  it's  way  into  receivers.  A  second 
medtod,  and  sm  that  is  general.  Is  to  create  oblique  end-faces01  on 
die  filers  at  tine  joint.  With  cnd-faces  of  6  degrees  or  more,  any 
reflections  from  interface  are  reflected  at  an  angle  that  is  unacceptable 
by  die  fibers'  mode  fielJ  and  thus  die  reflected  energy  is  captured  by 
die  eladding  (Figure  I)  and  then  quickly  attenuated. 


FIGURE  1 
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Spike*  and  connector*  that  employ  polishing  methods  for  Sber-end 
preparation  no  be  simply  kUpt«J  w  polish  v^le*  «tw>  filers  beU 
In  connector/spllcc  fe  ruder. 

low  reflectance  technique 

Optical  polishing  fitlues  have  been  designed  »  angle  pofch  Rotary 
spike*.  Figure  3.  ami  the  ST  eonnecsott,  Figure  3. 
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FIGURE  2  FIGURE  4 


FIGURE  3 


The  end  anile  chosen  for  both  Rotary  splices  anj  ST  coonectoo  is 
10  degrees.  Although  angla  of  only  6  degrees  arc  sufficient,  a 
margin  of  4  degree*  wt  allowed  for  possiWe  unewn  (inure  wear, 
variability,  and  initial  tool  tolerances. 

To  inm  law  insertion  loss  of  Joints,  mated  tailed  end-faces  must 
match  nearly  panllel.  To  achieve  this,  the  libs  on  the  Rotary  splice 
are  held  by  the  sl<x  in  the  polishing  future,  Figure  2,  Likewise,  tlic 
bayonnet  feature  of  the  ST  connector  keys  Into  the  ST  connector 
polishing  fixture.  The  alignment  of  the  slot  relative  to  the  slope  on 
vis  polishing  fixture  is  such  that  only  one  future  is  required  to  polish 
both  ferrule  halves.  Figure  4  shows  where  the  angle  Is  relative  to  the 
Ubs  on  the  Rotary  and  haw  the  10  degree  ingles  parallel  each  other 
in  a  completed  joint.  This  same  concept  is  used  with  ST  connectors. 


Since  mated  ferrules  are  used  with  Rotary  splices,  very  little 
rotational  movement  It  usually  requited  to  tune  standard  (hdegree 
splices  to  insertion  losses  of  0.05  dO  or  less.  Generally  about  10 
degrees  of  relative  rotation  between  mated  ferrules  is  all  dial  Is 
needed  (which  is  about  the  width  of  the  tab)  to  achieve  this 
performance.  Even  with  tie  10-degree  end-angles,  angled  Rotarys 
can  be  rotated  to  this  amount,  and  consequently,  can  be  tuned  to  the 
same  low  insertion  losses  as  a  standard  RMS.  ST  connectors  are,  of 
course,  not  tuned. 


LAUORATORV  RESULTS  -  ENVIRONMENTAL 
PERFORMANCE  OK  ANGLED  ROTARY  SPLICES 

Rotary  spikes  were  installed  between  two  iwtlve-fibe*  ribbons  with 
unlike  fibers  and  polished  With  a  10-degtec  angle.  Standard  index* 
matehmg  gel  wsa  used  between  die  ferrules.  These  splices  were 
tuned  to  an  average  splice  loss  of  0.0J4  dB  with  a  standard  deviation 
of  0.021  dll  and  set  In  an  environmental  chamber  snj  cycled  between 
-SO'C  and  KS'C  Splice  lost  arwl  refceuncc  (return  low)  was 
measured  at  the  temperature  extremes  and  at  room  temperature  using 
an  Anritsu  MW9SA  Optical  Time  Domain  RellectonKtcr  (OTDR). 
Figures  5  and  6  show  the  bidirectional  average  spike-lets  and 
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return-lots  sariaikxu  rof  these  spikes,  These  very  small  sfdkc-toss 
variation*  took  similar  to  or  somewhat  better  than  those  for  standard 
Rurary  slices  The  average  return  loss  (.6$  dD)  shoun  for  angled 
RMh  i.t  cquiwknt  to  fusion  or  'rcflectionies*'  spikes,  When 
matured  with  an  OTDR  return  losses  for  angled  RMS  are 
indistinguishable  from  fusion  spikes,  but  angled  RMS  splice  losses 
am  loiter. 
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Angk-polishcd  Rotary  splices  were  installed  by  Southwestern  Bell  in 
St.  Look.  Missouri  in  January  1989-  A  total  of  iS  spikes  were 
installed  on  a  short  C.O.-toC.O.  trunk.  For  this  trial,  only  splices 
e seceding  0.30  dll  (measured  unidlrestionally  with  an  OTDR)  were 
tuned.  Tuning  was  done  with  an  OTDR  and  only  to  the  estent  of 
reducing  spike  losses  to  less  than  0.30  dB.  Figures  7  and  8  show 
the  bidirectionally  measured  spike  lots  and  the  reflectances  of  the  55 
Rotary  spikes.  The  OTDR's  pulse  used  limits  measurements  to  *59 
dll.  Except  for  three  spikes  at  -tfi,  -49  and  -55  dll.  all  splices  were 
refleetl  unless. 
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•While  all  55  splices  were  measured  with  an  OTDR  unidireciionally 
from  one  end  of  the  span  or  the  other,  only  27  were  measured  from 
both  ends.  Contrary  to  spike  losses,  accurate  OTDR  measurements 
for  return-loss  do  not  require  bidirectional  averages.  Unidirectional 
measurements  suffice. 
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ANGI.KI)  ST  CONNECTOR,  UBORATORV  RESULTS 

A  total  of  20.  single-, node,  JT  connectors  (ficld-mounuble)  were 
Insulted  using  standard  field  toe's  and  polished  with  the  angled  tool. 
This  yielded  a  tout  of  ten  Jumper  cables.  The  splitter  method  for 
measuring  reflccunce  was  used  to  obtain  room  temperature  data  of 
insenioo  lots  and  reflectance.  One  hundred  measurements  were  made 
by  Interconnecting  the  assembled  pigtails.  Figures  9  and  10  are 
histograms  showing  Use  distribution  of  lost  and  return  losses  front 
this  study. 
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In  «xto  M  do  drop  leiu  and  environmental  t m  on  the  angled- 
polidicd  ST  cenneem,  four  Conner  tort  we  Installed  on  l.l 
Kilometer  length*  of  fiber  to  that  an  OTDR  could  be  used  to  monitor 
performance.  Drvp  test*  from  a  height  of  14  inches  were  performed 
while  monitoring  Insertion  lew  and  reflectance.  Figure?  II  and  12 
show  due  the  dropped  joint*  remained  stable. 
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FIGURE  12 


Figure*  13  and  14  show  liter  environmental  performance  of  tiie  ST 
connector*  when  cycled  between  -tO'C  and  85’C.  Measurement* 
were  taken  at  1300  nm  and  die  connector*  were  exposed  to  exit 
temperature  extreme  for  at  least  10  hours  over  a  five  day  period. 


Aldiough  the  angle-polished  ST  connector  it  not  currently  a  product, 
diis  efTort  demonstrates  tiie  feasibility  of  die  approach  if  an 
application  warrant*  it. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

As  tiie  presented  lab  and  field  result*  show.  RMS  and  ST  connector* 
widi  10-degree  fiber-end-facc*  achieve  rctum-los*  level*  that  are 
practically  described  as  "reflcctionles*"  (i.e.  OTDR  average*  of  less 
titan  -GO  dll). 

Tills  reflection  performance  is  achieved  by  substituting  simple  10. 
degree  angle  polishing  fixture*  into  the  standard  installation 
procedure*.  Moreover,  by  using  the  tabs  on  die  spliccs/connceiors. 
die  JO-degree  end  face*  of  joined  ferrules  are  made  to  align  parallel 
to  eaeli  odicr,  and  effect*  on  joint  insertion  loss  are  thereby 
minimized. 

Environmental  (diermal  cycling)  and  drop  test*  show  stabilities  dial 
are  at  least  as  good  as  standard  0-dcgrec  RMS  and  ST*. 

Overall,  the  stable  insertion-loss  and  return-loss  performance  of 
angled  RMS  and  ST  connector*  make  diem  completely  suitable  and 
recommended  for  an  unrestricted  use  in  any  opu'eal  fiber  system  dux 
will  use  AM  analog  (video)  transmission. 
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AN  ENHANCED  RIBBON  STRUCTURE  FOR  HIGH  FIBER  COUNT  CABLES 

IN  THE  LOOP 


K.  W.  Jackson,  P.  D.  Patel,  M.  L.  Pearsall,  J.  R.  Petisco 
AT&T  Bell  Laboratories 
Norcross,  Georgia  30071 

G.  A.  Lochkovlc 
AT&T  Network  Systems 
Norcross,  Georgia  30071 


Abstract 

simple-mode  lightguide  installations  ia  tte  loop  and  ia  metropolitan 
area  networks  regulre  high  liter  count  obits  Out  oa  te  placed, 
spliced,  and  reconfirmed  simply  and  rapidly.  te  describe  tte 
design,  process,  and  performance  characteristic*  of  a  new  compact 
ribbon  structure  that  meets  tte  critical  functional  requirements  of 
tte  loop  environment.  Tte  mv  ribbon  structure  is  m  enhanced 
evolution  of  tte  Adhesive  Sandwich  llbbon  (ASX)  technology  first 
huedwtd  by  AT&T  la  tte  Chicago  Lightwave  CoaNaiution  Project  ia 
1977.  Tte  enhanced  ribbon  is  based  oa  CV'  coating  technology  similar 
to  ttet  used  for  fibers.  Twite  coated  fibers  are  colortd  in  line, 
cotttd  with  a  CV  curable  bonding  Mtrii,  sad  cured  iato  a  symmetrical 
compact  array  of  twelve  contiguous  fibers.  Tte  fibers  art  equally 
suitable  for  aass  silicon  anay  or  individual  fiber  splicing.  Each 
individual  fiber  can  be  rapidly  identified  and  accessed  froa  titter 
the  cable  tod  or  ild-spaa.  Tte  new  ribbons  art  robust  aad  craft* 
friendly,  ytt  <01  sort  contact  thaa  the  ASX.  Cabled  ribbons  hart  a 
simple  unique  marking  identifier  aad  up  to  104  titers  caa  te  placed 
Into  a  compact  0.5  inch  diameter  ateath.  Tte  nev  ribbon  demonstrates 
excellent  cabling,  lov  temperature  aad  lastallatioa  performance. 


Utajastisfl 

Is  optical  fiber  technology  migrates  to  tte  loop  plant,  able  designs 
aust  evohe  to  adapt  to  tbe  special  needs  of  the  user.  1  tapered 
network  of  high  fiber  count  cables  with  numerous  branch  points  seems 
a  probable  feature  of  loop  applications.  Tte  cooler  topology  of  a 
branched  network  regulres  cablet  with  flexible  features  and  increased 
guallty.  Global  settles  of  installed  cost,  operating  expense, 
reliability,  and  compatibility  with  tte  existing  infrastructure  ill 
become  laportant.  Several  design  parameters  must  simultaneously  be 
considered  to  achieve  an  optimal  design.  Ibis  paper  describes  the 
design,  process,  aad  performance  characteristics  of  a  new  generation 
AT&T  ribbon  structure  that  is  sore  compact  and  tailored  to  tte 
special  reguireaents  for  loop  plant  and  metropolitan  area  networks. 
Tte  new  ribbon,  Ipress-12  Accullbbon,  is  aa  advanced  evolution  of 
AT&T's  original  Adhesive  Sandwich  Xlbboa  (ASX),  figure  1  shows  a 
sectional  view  of  tte  Acculibbon  structure.  AT&T  vis  tte  first  to 
develop  fiber  ribbon  technology  when  tte  ASI  structure  was  introduced 
in  tte  Chicago  Lightwave  Project  ia  1?77  (1,2).  The  new  ribbon  uses 
fiber  coating  technology  to  bond  fibers  into  a  linear  symmetrical 
array  Instead  of  laminating  them  between  two  tapes. 


Dtlisa 


Stretecv 

Xaaufacture  of  ribbons  by  tape  lailnatioa  is  complex  because  tte 
tapes  must  be  aligned,  temsiomed,  and  juxtaposed  with  a  moving  array 
of  fibers  and  then  trimmed  to  final  shape.  Tte  enhanced  ribbon  uses 
state-cf-tte-art  CV  fiber  coating  process  technology  to  simplify  aad 
optimise  tte  manufacture  of  rlbboms,  aad  to  provide  improved  guallty. 
te  used  tte  method  of  robust  design  to  determine  optimal  values  for 
tte  ribbon  design  parameters  (1).  This  technique  uses  designed 
experiments  to  Identify  settings  of  design  parameters  that  reader  the 
product  performance  least  sensitive  to  manufacturing,  environmental, 
and  use  variatloa.  lobust  design  is  aa  effective  strategy  for 
improving  product  guallty  because  tte  influence  of  tte  sources  of 
variation  are  controlled  la  tte  design  stage  ratter  taaa  coatrolling 
tbe  sources  of  rarlatlom. 

Tte  properties  of  tte  material  which  bonds  tte  fibers  iato  a  ribbon 
(bonding  matrix),  tte  ribbon  geometry,  aad  tte  application  technique 
art  major  categories  of  dee Ip  parameters.  Performance  metrics  art 
cabling  lota,  lov  temperature  added  loss,  handling  robustness,  fiber 
accessibility  and  identification,  and  aging  reliability. 

frying  m,trli..lUUdil 

Tte  performance  and  manufacturability  of  fiber  ribbons  art  closely 
related  to  tte  material  properties  of  tte  bonding  matrix  materials. 
Important  properties  for  pioduct  performance  include  modulus, 
adhesion  to  color-coded  fibers,  tear  strength  and  aging  reliability. 
Tte  viscoelastic  behavior  of  the  matrix  material  modulus  is  important 
because  it  affects  tte  deformation  mechanics  and  nicrobending  losses 
of  tte  ribboned  fibers  during  temperature  cycling  and  aging  (4). 
Tte  time-teaperature  response  of  tte  metrir  must  te  engineered  to  te 
compatible  with  long-term  crposure  to  cable  filling  compounds  and 
buaidity.  Tte  cbeaical  natures  of  these  two  environments  are 
opposite  and  a  balanced  response  aust  te  achiered. 
te  evaluated  ribbons  side  with  bonding  matrices  having  room 
temperature  moduli  from  about  1  to  200  kpsl  and  different 
tiae/temperature  behaviors,  te  found  lov  temperature  added  loss 
variation  least  with  natrix  materials  which  give  strain-free  fibers 
in  tte  cable.  Added  loss  variation  at  a  lov  teiperature,  Tt,  after 
aging  at  a  high  temperature,  T„  is  related  to  both  the  rate  and 
magnitude  of  tte  change  in  matrix  modulus  orer  tte  temperature 
interval  (Tt,T,).  figure  2  illustrates  three  typical 
modulus/temperature  behaviors  for  matrix  materials.  Osin;  T,  as  a 
reference,  ribbons  made  froi  Type-A  materials  typically  sbov  stall 
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added  leu  variation  u  the  tciperature  U  lowered  fro*  T,  to  rL 
because  tl*  ledulus  change  is  sull  and  gradual.  In  contrast,  Type* 
C  uteriils  that  pm  thrcu^s  s  sharp  glass  transition  hetveea  T«  and 
tl  lure  a  larger  and  steeper  icdulus  change  and  greater  added  leu 
variation.  when  the  ribbon  savples  ire  190!  it  I,  aad  then 


•  »«■*  « 


Figure  2 

reieasured  it  Tt  the  Type-1  uteriils  pm  through  1  glass  transition 
and  show  Increased  added  leu  variation  vhereas  Use  Type-C  uteriils 
shev  little  additional  change  in  leu  variation.  «e  found  utrir 
uteriils  of  Typa-B  behavior  with  sull  gradual  changes  in  *odulus 
orer  lTt,T„)  to  be  eptiul  for  ribbons. 

Bibbon  robustness  (Use  ability  of  Use  fibers  to  stiy  bonded  together 
with  handling)  lad  easy  fiber  icteu  (Use  ability  of  individual 
fibers  to  be  eislly  separated  fro*  the  ribbon)  ire  competing 
requirements  which  require  balancing  ietcrficiil  ind  bulk  properties. 
Tor  eiuple,  we  find  ribbon  robustaeu  for  cible  processing  ind 
handling  directly  related  to  Use  roo*  tevpenture  »odulus  ind  teir 
strength  of  the  utrir.  In  contrast,  eise  of  fiber  access  is 
inversely  related  to  roo*  teipenture  udulus  ind  teir  strength. 
Moreover,  ease  of  fiber  access  and  identifiutioa  is  also  strongly 
influenced  by  Interfacial  conditions  between  the  utrir  and  the 
colorant  on  the  fiber  and  between  Use  colorant  and  Use  fiber  coating. 
We  find  optlul  fiber  acceu  and  identifiutioa  occur  with  cohesive 
failure  of  Use  utrir  between  contiguous  fibers,  Bibbon  rebustneu 
also  depends  00  long-ten  cheiiul  cotpatlbility  with  filling 
coipounds,  colorants,  and  hc*Id  air.  Accelerated  laboratory  aging 
expedients  verify  long-ten  stability  of  the  utrir  with  filling 
coipounds  as  well  as  eiposure  to  above  ground  outside-plant 
environ tents. 

Production  costs  art  related  to  line  speed  which  depends  on  Use  cure 
speed  of  the  utrir  prepolyur.  rapid  cure  rates  are  desirable  to 
uke  Use  degree  of  cure  robust  to  perturbations  in  line  conditions 
such  as  speed,  CV  dose,  tegerature  and  alignment. 

EtttdiM  lUtrlLCMKla 

Two  iiportant  structural  paraieters  of  1  ribbon  are  the  voluu  and 
geoutry  of  the  bonding  utrir.  These  parameters  are  largely  a 
function  of  the  appliation  technique  and  line  conditions.  Frur 
different  ribbon  structures  as  illustrated  in  figure  )  can  te 
obtained  depending  on  the  appliation  method.  He  found  Use 
symmetrical  structure  of  figure  3b  with  relatively  flat  ribbon 
surfaces  like  1 SB  to  give  Use  optiul  ribbon  perforunce.  The 
structure  of  3a  is  not  optiul  because  Use  ribbon  is  thicker  than 
necessary  which  can  »ake  single  fiber  access  (breakout!  difficult  and 
reduce  Use  packing  efficiency  in  able.  A  proiounced  aeniscus 
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Figure  3 

structure  as  in  3c,  alUsough  symmetric,  an  restrict  freedo*  of 
ribbons  to  tore  transversely  and  relieve  ablbj  and  envirouentally 
Induced  strain;.  •<  find  the  pronounced  asymmetrical  structure  of 
3d  not  to  te  optiul  teause  of  preferential  tending  strains  that  an 
be  induced  during  cure  and  tesperature  changes  (siiilar  to  Use 
biietallie  switch  in  a  thermostat). 

1  variety  of  appliation  techniques  using  rollers,  vipers,  and  dies 
have  teen  developed  to  apply  coatings  to  substrates  (S).  Bony  of 
these  standard  uthods  have  teen  reported  to  be  appl  table  to  toning 
fiber  ribbons  ((,7).  cur  evaluation  of  several  methods  indiate  that 
a  die  coaler  operating  on  principles  siiilar  to  fiber  coating 
produces  the  most  synetrial,  uni  fen  and  mechanlally  robust  ribbon 
structure  (I).  Moreover,  Use  die  method  assures  high  quality  ribbons 
where  no  fibers  can  interchange  position  (fiber  crossover)  during 
unufacture.  Disadvantages  of  roll  and  viper  appliation  include 
potential  for  asymmetric  geoutrits,  fiber  crossovers  and  a  tendency 
to  fen  pronounetd  meniscus-structured  ribbons. 
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□ 
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3c 


The  CV  bonded  ribbon  is  about  (0  percent  suller  than  tape  ribbons; 
and,  all  of  the  fibers  in  a  ribbon  unit  are  directly  accessible.  A 
»ore  ccipict  structure  penlts  higher  fiber  packing  density.  Use 
allowable  packing  density  is  a  function  of  the  fiber's  critical 
bending  radius,  the  clearance  between  the  ribbon  stack  and  the  core 
tube  and  excess  length.  With  the  new,  suller  she  structure  we  can 
acccuodat e  204  fibers  in  a  0.6  inch  diaieter  sheath  which  provides 
the  highest  fiber  packing  density  available.  The  17  ribbon  array  in 
figure  <  Illustrates  the  increased  packing  efficiency  of  an 
AccuBitbon  array  cable. 
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Figuro  5 


Figure  $  illustrates  the  ribbon  unufacturlng  process  consisting  o f 
the  following  steps:  fiber  payout  under  precisely  controlled  tensloa, 
color  appllcstloa  and  cure,  fiber  crganlutlon,  coating  application, 
coating  curt,  ribbon  tdestif icatlon  urklng  and  ribbon  take-up. 
Precise  tension  control  linlsires  differential  stresses  between 
fibers  in  a  ribbon.  Tbe  fibers  are  organired  into  a  12  fiber  linear 
array  as  they  are  coated  continuously  vitS  a  Mtrir  free  of  voids  or 
heterogeneities  that  can  cxproiise  ribbon  perforunee.  The 
organ!  ltd,  utrir-coated  fibers  are  then  subjected  to  unifon  OV 
radiation  to  cure  the  utrix.  The  ribbon  is  then  wound  on  a  spool 
at  controlled  tensions  providing  reliable  loss  Kosuretcnt  in  ribbon 
fori  before  cabling. 


EuXsmsa 


Iibb0fl.rtrfcrMKt 

[lechinlcal  lobustness:  Soreral  tests  verify  the  handling 
robustness  of  the  AccuAibbon  structure.  In  a  typical  unufacturlng 
guallty  test,  lengths  of  ribbon  under  tension  oust  withstand  *ort 
than  15  twists  per  water.  Other  robustness  tests  include  TO  degree 
single  fiber  peel  tests,  high  tetperature  filer  separation  tests,  and 
a  long-length,  rewind  torture  test  where  the  ribbons  pass  through  a 
serpentine  path  that  subjects  the  ribbon  to  cotbined  tension,  torsion 
and  bending.  Adversarial  handling  tests  conflrs  that  individual 
fibers  can  be  easily  accessed  and  stripped  and  that  the  ribbon  can 
be  uss-spliced  with  existing  tools,  array  connectors  and  Kthods. 


IbbrMlIyJJld'lgiJiiCKbtrfJiWdi  A  potential  source  of 
added  loss  in  cabled  optical  fibers  is  ilcrobending  Induced  by 
tbernal  buckling.  Buckling  results  fro*  coipressive  strain  exerted 
on  the  glass  by  the  coating  which  has  a  nch  larger  coefficient  of 
therul  expansion  than  the  glass.  In  utrir  bonded  ribbons,  the 
effective  volute  of  coating  that  is  wechanically  coupled  to  the  fiber 
is  Increased.  This  can  Increase  fiber  ilcrobending  if  the  utrir 
properties  and  geometry  are  not  suitably  selected.  The  strain  can 
be  estiuted  using  mechanics  of  composite  uterials.  The  ribbon 
structure  can  be  modeled  as  a  continuous,  unidirectional  fiber 
ectposite  with  orthatrepic  pretties.  The  effective  longitudinal 
lofolus,  E,.,  of  the  composite  can  be  calculated  froi  the  rule  of 


lixtures, 

k  *  22  E,  v,  (1) 

where  E,  and  v,  are  the  respective  roduli  end  velwe  fractions  of 
each  constituent.  SiiiAarly,  the  effective  longitudinal  coefficient 
of  therul  expansion, «t,  can  be  calculated  froi  Schapery's  Equation 


15), 


_L 

k 


22 


c,E,V, 


(2) 


because  constituent  properties  change  substantially  with  tetperature, 
Equation  <21  is  integrated  with  respect  to  tetperature  to  deionise 
the  elongation  per  unit  length, fill.  Thus,  the  therul  strain  Is 
given  by..  f 

*{-  •  I  «4  dT  m 


. 


■  * 


,  <  » 


Figure  6 


The  buckling  strain  exerted  on  the  glass  is  food  by  subtracting  the 
therul  strain  on  the  glass  alone  froi  tbe  therul  strain  of  the 
composite  ribbon.  Ngure  i  shows  that,  for  the  eptlul  structure  of 
Figure  lb,  the  Incremental  buckling  strains  due  to  ribboning  are  pure 
expression  and  are  negligible  because  the  coated  fiber  and  the 
ribbon  structure  have  essentially  the  sa»e  therul  strains. 
Contrasted  is  the  nonoptiul  tsywetrlc  structure  of  Flguie  3c, 
therul  contraction  induces  a  bending  »o»ent  in  addition  to  aiial 
expression.  The  asynetrlal  loading  can  cause  increased  buckllfg 
instability. 

fttJLt-EKfttHns  ,  .  ,  w  .  . 

Itechanial  Perforunce:  We  conducted  a  variety  of  lecboalcal 
endurance  tests  on  ANT  Xetalllc  Crossply  and  Dielectric  Cables 
containing  12  Accutlbbon  arrays.  Table  I  sunarites  soie  of  the 
industry  standard  EIA  (Electronic  Industries  Association)  lechonical 
tests  listed  In  the  associated  Bellcore  generic  able  speculation 
(10).  Tbe  new  ribbon  meets  or  exceeds  applicable  mechonial  and 
construction  tests  in  tbe  Bellcore  generic  cable  speculation.  We 
subjected  tbe  prototype  cables  to  a  series  of  field  handling,  placing 
and  installation  trials  at  the  ATIT  Bell  Laboratories  Chester  Held 
Testing  laboratory.  Here  we  reproduce  aerial,  buried  and  underground 
installation  using  norul  and  abusive  procedures.  The  new  ribbon 
cables  perfumed  excellently  with  no  evidence  of  sheath  or  fiber 
dauge,  or  increase  in  optical  loss. 
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Xechaaical  Tests 


Test 

Specification 

tequircKnt 

Tensile  Strength 

TOT-)) 

15.3.5 

609  lb, 

Bend  tadius  •  29-Cable 
0.0. 

Compressive  strength 

IOIH1 

J5.).< 

1000  lb,  total  load 

Cable  Twist 

fOT-15 

15.3.6 

11(9’  Twist,  19  Cycles 

low  (  High  Tetperature 
Bend 

FOT-)7 

S5.).2 

Bend  ladius  •  15-Cable 
0.0. ,  (  Wraps  ea.  at 
•30*C,  -M’C 

Cyclic  flex 

roiMoi 

15.1.7 

Bend  ladius  •  15-Cable 
0.0. 

Iipact  Insistence 

fOTP-25 

15.1.3 

52  ft-lb,  Iipact,  25 
Cycles 

external  freeing 

FOT-SI 

<5.1.1 

1  hr.  tin  freete  {  -2'C 

JOT'S  froi  IIA  5td.  lS-< 55.  Section  nutters  fret  Bellcore 
n-TSY-009020,  Issue  ),  Deceiber  mi. 


Title  I 

Optical  Perform  net:  The  boiplots  of  liqure  7  show  the  '«ss 
statistics  for  216  ribboned  fibers.  Both  the  Min  and  sedlan  toss 


■  •M  -  v  «» 


t»<W  '  •  XtliltK 
Ms?  JK*  * 


kur«  <.  iti»« 
M»<  »n*  k.  Jk  ** 


Figure  7 


cabling  is  ttro  at  both  1)10  and  1550  m.  Figure  9  shows  mm  added 
loss  as  a  function  of  tetperature  for  the  Bellcore  environMntal 
cycle.  The  qcle  consists  of  cycling  froi  -IOC  to  6SC,  followed  by 
heat  aging  for  S  diys  at  ISC,  followed  by  tore  cycling  between  -tOC 
and  (SC.  The  Min  added  loss  values  at  the  last  -40C  exposure  after 
aging  for  five  days  at  ISC  (the  tost  severe  yoint  in  the  qcle)  are 
0.00  dB/ki  and  O.Ot  dB/fci  at  Dio  m  and  1S50  m,  respectively. 
Extending  the  low  tetperature  exposure  of  ribbons  to  -55C,  we 
Misured  mm  values  of  added  loss  at  1)10  and  1SS0  to  he  0.00  db/ki 
and  0.01  dB/ki,  respectively. 


are  egual  having  values  of  0.16  Ufa  and  0.22  dB/ki  at  wavelengths 
of  1)10  and  1550  ni,  respectively,  figure  I  shows  typical  cabling 
loss  perfornance  of  a  highly-packed,  1U  fiber  ribbon  cable,  rigure 
l  shows  that  the  Man  and  aedien  cable  loss  for  the  new  ribbon 
structure  are  egual  with  values  of  0.36  d8/kt  and  0.22  d3/h  at  1)10 
and  1550  m,  respectively.  The  lean  loss  added  to  the  ribbons  in 


The  new  Acculibbon  array  has  several  enhanced  features  that  benefit 
the  user.  The  Acculibbon  structure  is  <01  mare  cotoact  and  thus  cm 
provide  the  largest  nutber  of  fibers  available  in  a  0,6  inch  sheath. 
The  ribbons  are  redundantly  xarl.ed  with  a  siiple  two  digit  nuiber  and 
two  letter  color  designator  whinh  takes  single  fiber  access  in  high 
fiber  count  cables  quick  and  siiple.  The  fibers  in  the  new 
Acculibbon  array  can  be  lass-spliced  vith  silicon  chip  arrays  or 
broken-out  individually  and  spliced  individually.  The  ribbon  itself 
is  both  mechanically  robust  for  manufacturing  and  outside  plant 
installation  handling  by  craftsien  and  with  equipKnt.  The  highly 
unifori  fiber  coating  process  technology  provides  a  very  uniforx 
ribbon  geonetq  that  is  consistent  for  each  ribbon  produced  and  the 
fiber  loss  can  be  reliably  teasured  in  ribbon  fori. 
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Cgfidbsiifi 

Our  results  dttonsUttt  th*t  ribbons  «4«  using  C¥  (iter  ceiling 
process  teciaelogy  provide  i  (01  *t«  cc*pict  structure  thit  exhibits 
tictUtat  Cfticsl  Ifli  Kchulal  perfotv .«  la  cabling, 
envIroweaUl  cycling,  ind  instillation.  The  fibers  tte  <pMly  Md 
e«lly  accessible  for  ii4-sj«  breakouts  or  for  restorations  using 
existing  tools  sad  a  s!»ylf  unique  ribbon  and  fiber  identification 
code.  The  Iceutibboa  array  provides  asay  advanced  features  for  loop 
and  aetroMlitaa  area  network  applications  with  cables  hating  up  to 
17  ribbon  wits  (201  fibeuj  that  are  directly  accessible  fro*  a 
single  core  tube  contained  within  a  0.4  inch  dUaetcr  sheath. 

IflattltfottaU 
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New  StMCMTxoM  or  Self  Suffoatiwg  Oftxcal  Fxamr  Acrxal  Caalcs 


by  Helmut  G.  Haag,  Georg  H8g  and  Peter  E.  Zamzov 


AEG  K'ABEL  Aktlengcsellschaft 
Mdnchengladbach,  Federal  Republic  of  Germany 


0.  Abstract 


This  contribution  outlines  two  new  approacltcs 
for  optical  fibre  aerial  cables  with  metallic 
armouring  for  high  tension  power  lines.  A  ground 
wire  with  a  central  hollow  pipe  Is  described  In 
which  in  a  later  stage  optical  fibre  elements  can 
be  blown  In  over  some  km  single  length.  The  fibre 
element  for  up  to  6  fibres  has  only  a  diameter  of 
1.3  m  but  sufficient  strength  for  the  blowlng-ln 
operation  and  excellent  temperature  behaviour.  The 
other  approach  described  here  Is  an  optical  fibre 
ground  wire  with  the  same  diameter,  weight, 
strength,  and  short  circuit  current  capacity  as 
Al/St  50/30  ground  wire  used  on  110  kV  overhead 
lines.  The  optical  fibre  buffer  clement  formed  with 
a  steel  tube  Is  stranded  over  a  A1  profile  wire 
together  with  Ay  and  Aw  wires. 


1.  Introduction 


The  optical  transmission  technique  with 
optical  fibres  in  self  supporting  aerial  cables  is 
of  great  interest  for  power  utilities,  because  the 
transmission  tasks  like  data  transmission,  ISDN  and 
protection  signals  are  more  and  more  digital. 
Horeover  for  this  transmission  medium  no  electro¬ 
magnetic  interference  occurs  and  the  broadband 
characteristics  of  the  optical  fibres  together  with 
the  low  attenuation  allows  fast  data  transmission, 
an  enormous  increase  or  available  transmission 
channels,  and  long  repeater  spacing.  This  contri¬ 
bution  describes  new  generations  of  self  supporting 
optical  fibre  aerial  cables.  One  construction  Is 
designed  for  the  later  Incorporation  of  optical 
fibres  and  the  second  construction  is  designed  for 
replacing  old  earthropes  on  old  and  weak  power 
lines  by  an  optical  fibre  aerial  cable. 


2.  State  of  the  Art 


The  first  optical  fibre  aerial  cables  were 
installed  in  1978  on  a  110  kV  line.  The  metal  ar¬ 
moured  aerial  cable  consisted  of  3  star  quads  and  2 
optical  fibres.  This  1.6  km  long  length  was  in¬ 
stalled  in  two  pieces  at  the  lower  traverse  of  the 


towers.  Since  that  time  this  route  is  In  service 
without  any  difficulties.  In  further  projects 
double  armoured  aerial  cables  were  Installed. 
Because  of  torsion  problems  the  lay  length  of  both 
armour  layers  were  chosen  in  such  a  way  that  the 
resulting  torsion  moment  becomes  negligible.  In 
1981  a  8  km  long  route  was  erected.  The  cable 
contains  besides  2  optical  fibres  8  star  quads.  The 
attenuation  in  a  temperature  range  between  -15  and 
*40  *C  as  measured  during  service  shows  constant 
temperature  Independent  behaviour.  For  the  20  kV 
lines  first  optical  fibre  phase  ropes  were  in¬ 
stalled  in  1985. 

Also  totally  dielectric  self  supporting  aerial 
cables  were  installed  between  the  beginning  of  the 
eighties  and  1984  on  20  kV  and  also  high  tension 
towers  up  to  380  kV.  Even  if  the  opticol  transmis¬ 
sion  characteristics  behaves  constantly  over  all 
environmental  conditions  there  is  only  little 
future  for  those  cables.  By  their  different  me- 


Fig.  1:  Standard  optical  fibre  aerial  cables 
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chanical  behaviour  compared  to  phase  ropes  with 
respect  to  sag,  additional  loading,  vibration  and 
swinging  behaviour  these  cables  are  so  different 
that  there  is  only  narrow  space  on  the  power  line 
poles.  That  is  true.,  even  if  the  electrical  prob¬ 
lems  of  plastics  and  electrical  AC  fields  is  solved 
til,  12). 

Therefore  since  1986  annually  sooc  hundred  kilome¬ 
tre  of  optical  fibre  aerial  cables  with  metallic 
armouring  are  laid  in  the  net  of  the  German  power 
utilities  [3). 

The  construction  of  those  optical  fibre  aerial 
cables  is  designed  for  the  wide  temperature  range 
and  the  high  forces  which  acts  on  the  cable  during 
its  life.  The  best  possibility  to  prevent  optical 
fibres  from  mechanical  forces  and  to  give  them 
sufficient  place  for  free  movement  is  the  loose 
tube  technique.  Depending  on  the  number  of  fibres 
per  cables  one  or  two  fibres  are  incorporated  in  a 
tube  of  approximately  2  m*  diameter.  To  prevent 
that  humidity  comes  to  the  primary  coated  fibres 
and  to  give  the  fibres  a  floating  surrounding  these 
tubes  arc  filled  with  a  thixotropic  Jelly.  Six  of 
these  tubes  arc  stranded  around  a  central  strength 
element  made  of  fibre  reinforced  plastic  (FRP).  By 
the  choice  of  the  lay  length,  the  operational  range 
with  respect  to  constrain  and  elongation  can  be 
chosen.  Moreover  for  single  mode  fibres  the  effect 
of  microbending  which  lead  to  additional  attenua¬ 
tion  at  1550  nm  must  be  taken  into  account.  The 
variation  of  length  by  lateral  forces  and  tempera¬ 
ture  are  calculated  from  tne  formula 
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Table  1:  Data  of  standard  optical  fibre  aerial 
cables 

6  •  o/E+(6-20)Tk 

6  ■  elongation,  relative  length  variation 

0  «  strain 

E  >  Young's  modulus 

Tk  «  thermal  expansion  coefficient 

8  «  temperature  (*C) 


Tynetio*. 

Tempmfalur*  and  additional  load  (2] 

-5*1/2  -$42  -20 

-10 

-5 

40 

410 

♦20 
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440 

.10 

fhtwnop# 

Sag  m 

11,77 

13.13 

10  64 

1171 

1176 

11.57 

11.62 

1221 

12.60 

12.91 

13.57 

Ausuiim 

Strain  N/mm* 

SM 

73.0 

4(7 

457 

44.5 

43.1 

42.5 

417 

407 

39.3 

372 

Atrial  Cabk 

Sag  m 

13.41 

1374 

10.67 

11.26 

11.45 

ii.ii 

11.92 

12.22 

12.51 

12.92 

13.40 

Ay/A*  75/35-7.1 

Strain  N/mm* 

122.5 

113.1 

40.9 

71.1 

77.5 

71.5 

74.5 

72.6 

70.9 

697 

112 

A«;*l  C.bl« 

Sag  m 

12.01 

12.(6 

1066 

1174 

11.41 

11.51 

11.62 

12.25 

12.57 

12.19 

13.51 

Ay/Aw  112/31-1 1.0 

Strain  N/mm* 

7M 

103  6 

54.4 

521 

52.0 

51.3 

46.1 

46.4 

477 

410 

43.9 

A.fUIC.bl. 

Sag  m 

11.60 

12.11 

10  66 

1172 

11.40 

11.57 

11.92 

1276 

12.59 

12.92 

13.55 

Ay/Aw  232/44-27.6 

Strain  N/mm* 

657 

79.9 

52.4 

50.7 

49.9 

49  2 

477 

46.4 

457 

44.1 

42.0 

Table  2:  Comparison  of  sag  for  phase  rope  and  different  optical  fibre  aerial  cables 
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For  these  aerial  cables  one  can  calculate  more  or 
less  Independent  fro*  the  armouring  a  change  of 
length  in  the  order  of  a  nxIru*  of  2  •/•«  In  the 
interesting  operational  range.  To  this  value  an 
additional  elongation  of  about  1  */.,  wst  be  added 
which  results  fro*  the  setting  of  the  armouring.  By 
this  the  cable  construction  *ust  consider  an 
operational  range  of  about  4  */...  Over  this  core  a 
polyethylene  sheath  is  extruded  with  high  precision 
which  is  the  basis  for  the  one  or  two  layer  ar¬ 
mouring  of  aluainlum  alloy  and  aluminium  clad  steel 
wires.  By  a  ratio  of  1  to  4  of  these  wires  the 
■echanlcal  behaviour  and  te«perature  elongation  of 
these  aerial  cables  is  comparable  to  those  of  the 
phase  ropes.  Table  t  and  Figure  1  shows  the  me¬ 
chanical  data  respectively  the  outfit  of  typical 
optical  fibre  aerial  cables.  As  shown  in  Table  2 
these  aerial  cables  can  be  installed  with  the  same 
sag  over  the  operational  range  as  conventional 
phase  ropes. 

By  numerous  measurements  it  was  shown  th;t  these 
aerial  cables  show  no  change  in  attenuation  over 
the  temperature  range  of  -40  to  +70  *C  as  well  as 
with  loading  far  beyond  the  permissible  strain. 

But  these  standard  aerial  cables  with  a  diameter  in 
the  range  of  15  to  25  m*  diameter  depending  on  the 
number  of  fibres  and  especially  the  kind  of  ar¬ 
mouring  can  be  installed  only  on  newer  power  lines. 
In  case  of  old  towers  it  is  normally  not  possible 
to  Install  an  additional  aerial  cable  by  the 
strength  of  the  towers.  In  this  case  the  aerial 
cable  must  be  installed  as  earth  rope  in  replacing 
the  existing  earth  rope.  But  for  those  earth  ropes 
normally  steel  ropes  with  50  mm1  and  a  diameter  of 
about  10  mm  are  in  use.  In  replacing  these  earth 
ropes  the  power  utilities  normally  use  Al/St-ropes 
with  50/30  mm’.  This  rope  has  a  diameter  of 
11.65  mm  and  a  weight  of  378  kg/km.  The  new  gener¬ 
ation  of  optical  fibre  aerial  cables  must  cone  as 
close  as  possible  to  these  figures  if  they  will  be 
installed  on  these  old  lines.  The  optical  fibre 
aerial  cable  described  in  section  3.2  fulfil  these 
requirements.  But  for  this  new  construction  prin¬ 
ciples  have  been  developed. 

On  the  other  hand  not  on  all  power  lines  which  will 
be  erected  or  upgraded  or  where  the  earth  rope  is 
replaced  will  need  at  the  moment  optical  fibre 
transmission  paths.  For  this  purpose  the  cable 
described  in  section  3.1  was  developed  where  in  the 
centre  of  the  earth  rope  a  tube  is  incorporated  in 
which  at  a  later  stage  optical  fibre  elements  can 
be  blown  in. 

3.  New  Constructions  for  Optical  Fibre  Aerial 
Cables 

With  the  construction  for  optical  fibre  aerial 
cables  described  in  the  following  two  aims  with  two 
different  cables  are  envisaged: 

1.  To  create  a  ground  wire  in  which  in  a 
later  staqe  optical  fibres  can  be  incor¬ 
porated. 


Both  cables  are  intended  for  the  use  with  power 
utilities  in  addition  to  the  existing  optical  fibre 
aerial  cables. 

3.1  Ground  wire  with  central  tube 

To  enable  the  user  of  high  tension  power  lines  to 
Incorporate  optical  fibres  in  a  ground  wire  in  a 
later  stage  It  Is  necessary  to  provide  a  ground 
wire  with  this  possibility.  To  protect  fibres  fro* 
environmental  conditions  it  is  advantageous  to  put 
the  optical  fibres  respectively  the  optical  fibre 
element  inside  the  armouring.  Tnls  Is  normally  done 
by  providing  a  tube  Inside  the  ground  wire.  To  be 
able  to  pull  in  the  fibres  it  is  necessary  to  have 
the  tube  as  straight  as  possible.  Therefore  a 
central  tube  will  be  preferred.  The  dimensions  of 
this  tube  depend  fro*  the  element  diameter,  and  the 
material  of  the  tube  should  be  chosen  In  such  a  way 
that  as  less  friction  as  possible  between  the  inner 
tube  wall  and  the  fibre  element  arise.  Horeover  the 
tube  must  be  the  base  for  the  armouring  with  steel 
and  aluminium  alloy  wires.  Out  of  these 
considerations  the  central  tube  will  have  an  inner 
diameter  of  4  mm  with  a  wall  thickness  of  l  mm  and 
is  made  of  polyamide.  Over  this  a  double  layer 
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2.  To  create  an  optical  fibre  ground  wire 
with  the  lowest  possible  diameter  in¬ 
crease  compared  to  the  bare  ground  wire. 


Fig.  2:  Cross-section  and  data  of  ground  wire 
with  central  tube 
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armouring  is  applied.  To  protect  the  strength 
bearing  aluminium  clad  steel  wires  (Aw)  from 
vibration  and  other  forces  these  wires  are  put  in 
the  first  armouring  layer  and  the  second  layer  is 
made  of  aluminium  alloy  (Ay)  with  a  minimum 
diameter  of  3  mm  to  avoid  damage  of  these  wires  by 
lightning,  in  the  here  described  cable  the  Ay-wires 
are  chosen  with  3.5  mm  diameter. 

Out  of  the  armouring  the  short  circuit  current  of 
this  ccble  will  be  12  kA  for  1  second  respectively 
15.3  kA  for  0.6  seconds.  Figure  2  shows  the  cross- 
section  of  this  cable  with  the  relevant  mechanical 
characteristics.  In  Figure  3  a  photograph  of  this 
rope  is  shown.  The  aerial  cable  has  a  diameter  of 
18.0  mm  and  is  only  2  mm  thicker  than  a  comparable 
rope  Ay/St  95/55,  the  weight  is  almost  the  same  and 
this  aerial  cable  can  be  installed  with  the  same 
sag  as  the  other  phase  ropes.  By  the  lower  heat 
capacity  of  aerial  cables  by  their  plastic  inner 
construction  the  short  circuit  current  capacity  is 
about  10  *  lower  than  this  of  the  comparable  ground 
wire  even  If  the  Ay-portion  is  higher. 


This  cable  is  fixed  to  the  towers  by  spiral  arma¬ 
tures  to  avoid  deformation  of  the  inner  tube, 
because  such  a  deformation  will  disturb  the  flowing 
parameters  inside  the  tube  severely  and  the 
blowing-in  will  be  more  difficult. 

How  -loes  such  an  optical  fibre  element  look  like 
whic.i  can  be  incorporated  in  such  a  tube.  It  was 
prefered,  that  the  element  will  be  blown-in  instead 
of  pulled-in  by  a  pulling  wire.  By  this  the  re¬ 
quired  pulling  forces  and  therefore  the  strength  of 
the  fibre  element  are  limited.  But  a  compression 
protection  for  temperature  loading  will  be  needed 
because  this  element  is  not  fixed  to  the  armouring. 


Fibre.  SM9/12S _ <t\^  pm 


Primory  cooling _ 0  250pm 

.Tight  buller  0.0,6  mm 


Tension  momber__(g!os) 


outer  shoe  lb 


(modified 
.PolygmidJ 

Dimension  0.5mm*  1.3  mm 


Fig.  4:  Single  fibre  element  for  blowing-In 


The  primary  coated  optical  fibre  -  normally  single 
mode  Tibre  -  will  be  secondary  coated  by  polyamide. 
For  a  one  fibre  element  such  a  fibre  is  fixed 
between  two  FRP  members  with  also  0.4  mm  diameter 
and  coated  together  with  a  polyamide  sheath  which 
leads  to  a  diameter  of  1.3  mm  (Figure  4).  Also  a 
six  fibre  element  will  have  the  sa1;*  diameter  where 
the  FRP  member  is  put  In  the  central  and  the  fibres 
are  stranded  around  this  element.  Such  an  element 
can  be  wind  on  a  spool  and  rewinded  for  blowing  In 
froai  this  spool  (Figure  5  (below)).  The  other 
possibility  shown  in  Figure  5  (above)  is  the  cross 
winding  of  the  element  and  then  allowing  the 
pay-off  from  the  inner  side  of  the  spool  with  no 
rotation  of  the  whole  fibre  spool.  In  the  latter 
case  the  dynamic  force  on  the  fibre  in  the 
upwinding  process  is  much  lower  and  independent 
from  the  total  length  of  the  fibre.  Therefore  this 
cross  winding  technique  was  chosen.  It  J.s  possible 
of  cross  winding  about  5000  m  of  such  an  optical 
fibre  element. 

The  required  apparatus  to  blow-in  the  fibre  element 
is  shown  in  Figure  6.  With  a  maximum  pressure  of 
30  bar  in  this  attempt  1000  m  of  a  one  fibre 
element  are  blown-in  in  an  installed  ground  wire 
with  a  central  tube.  During  and  after  the  blowing- 
in  no  change  in  attenuation  at  1300  nm  and  at 
1550  nm  were  observed  (Figure  7).  Also  at  pulling 
forces  up  to  the  maximum  permissible  load  of  38  kN 
no  change  in  attenuation  arises.  For  temperature 
loading  the  bare  fibre  element  winded  on  a  cross 
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Fig.  5:  Principles  for  the  blowing-ln 
apparatus 


Fig.  6.  High  pressure  blowing-in  apparatus  for 
cross  winding  spools  adopted  to  the 
ground  wire 

winding  spool  were  tested.  By  the  lateral  forces  of 
the  winding  pressure  such  test  is  even  more  severe 
than  testing  it  on  an  installed  cable.  The  test 
installation  and  the  results  at  1300  and  1550  nm 


are  shown  in  Figure  8  respectively  9.  Only  at 
1550  rw*  and  -40  'C  slight  increases  tn  attenuation 
are  seen. 

By  the  promising  results  of  these  tests  a  larger 
field  trial  over  a  length  of  approximately  12  km 
will  be  carried  out  in  1990  to  get  experience  fro* 
real  installation  and  on  long  term  behaviour  before 
those  systems  will  be  installed  on  u  regular  basis, 
the  armatures  and  the  closures  for  those  cables  are 
Identical  to  those  of  conventional  aeriai  cables. 


1 

I 


13l0nm 


Lengih  — - — - 


Fig.  7:  Attenuation  of  fibre  after  being 
blown-in 


Fig.  8:  Test  set-up  for  temperature  cycling 
with  cross  winding  spool 
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Fig.  9:  Results  from  temperature  cycling  for 
cross-winded  fibre  element 

3.2  Optical  Fibre  Ground  Wire 

Optical  fibre  aerial  cables  up  to  now  consist  of  a 
dielectric  optical  fibre  core  with  polyethylene 
sheath  and  a  diameter  between  7  and  11  mm.  An  one 
or  double  layer  armouring  Is  applied  over  this 
sheath.  This  means  that  optical  fibre  aerial  cables 
have  a  diameter  over  armouring  of  at  least  15  mm 
independent  from  the  armouring. 

On  old  power  lines  normally  the  existing  ground 
wires  with  50  mm'  steel  arc  replaced  by  ground 
wires  Ay/St  50/30  or  Ay/St  70/12  wit'  a  diameter  of 
11. G5  mm  respectively  11.72  mm.  Their  weight  is 
378  kg/km  respectively  284  kg/km.  To  got  optical 
fibre  ground  wires  with  diameters  in  this  range  the 
cross-section  of  the  fibre  element  must  be  reduced 
drastically.  But  the  operational  range  of  the 
fibres  must  not  be  reduced  because  the  requirement 
for  a  5  to  4  •/••  operational  range  still  remains. 
From  this  point  it  seems  reasonable  to  replace 
steel  or  aluminium  alloy  wires  by  optical  fibre 
buffers  with  the  same  diameter.  But  these  buffers 


Fig.  10:  Profile  core  for  optical  fibre  ground 
wire 
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Fig  11:  Optical  fibre  ground  wire  with 
profile  central  element 

cannot  be  arranged  centrally  because  in  this  case 
the  operational  range  could  not  be  achieved.  As 
outlined  before  the  laylength  of  the  optical  fibre 
buffer  must  be  in  the  range  of  70  to  80  mm  to 
achieve  the  required  operational  range.  This  is  for 
steel  wires  to  short.  Moreover  it  can  be  said  that 
the  aerial  cable  must  be  fixed  on  the  towers  with 
spiral  armatures  to  avoid  lateral  forces  on  the 
fibre  element.  This  means  the  steel  elements  should 
be  as  far  as  possible  to  the  outer  layers  of  the 
armouring. 

These  considerations  led  to  the  new  developed 
optica!  fibre  ground  wire  in  which  the  central 
element  Is  the  most  important  element.  In  the 
stranding  process  as  central  element  an  aluminium 
profile  Is  rolled  to  form  hollow  grooves  (Fig.  10) 
and  In  the  same  process  stage  the  first  layer  of 
aluminium  alloy  wires  is  stranded  in  the  formed 
grooves  and  between  these  aluminium  alloy  wires 
optical  fibre  buffers  are  stranded.  This  construc¬ 
tion  prevents  the  optical  fibre  buffers  from 
dislocation  forces.  In  the  same  stranding  process 
from  a  second  cage  a  layer  of  Ay  and  Aw  wires  are 
stranded  in  the  opposite  direction.  By  this  the 
optica]  fibre  buffers  are  protected  in  chambers 
formed  from  the  aluminium  profile,  the  Ay/Aw  wires 
of  tlis  first  and  second  layer. 
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This  cable  with  4  optical  fibre  buffers  can  keep 
per  buffer  a  Maximal  of  4  fibres  so  that  with  this 
construction  up  to  16  fibre  ground  wires  are, 
possible.  And  this  cable  is  with  11.7  an  as  thick 
as  the  bare  ground  wires  Ay/St  50/30  respectively 
Ay/St  70/12.  The  weight  is  with  332  kg/kai  between 
the  two  before-mentioned  ground  wires.  By  the 
cross  section  of  aluminium  and  aluminium  alloy  the 
sh  •  circuit  current  for  1  second  reaches  5.7  kA 
snu  7.4  kA  for  0.6  seconds. 


Fig.  12:  Steel  tube  buffer  with  4  single  mode 
fibres 

Besides  forming  the  central  profile  wire  the 
construction  of  the  buffers  is  of  prinary  impor¬ 
tance.  Up  to  now  normally  as  buffer  material  an 
extruded  plastic  material  Is  used.  For  the  above- 
mentioned  catle  a  tube  with  inner  diameter  of  5.2 
m  and  an  outer  diameter  of  1.7  an  is  adequate.  But 
on  the  other  hand  also  steel  tubes  can  be  used. 
Such  a  steel  tube  is  made  in  foming  a  steel  tape 
to  a  tube  and  welding  it  by  a  laser  beam.  In  this 
case  tapes  with  0,15  ms  thickness  can  be  used  so 
that  a  tube  of  1.4/1. 7  mm  can  be  formed.  In  both 
cases  the  tube  will  be  filled  with  jelly.  By  the 
expected  lateral  forces  during  service  and  the 
pulling  forces  during  the  fabrication  on  normal 
steel  wire  stranding  machines  the  steel  tube  is 
preferable.  Figure  12  shows  such  a  steel  tube  with 
4  fibres.  An  additional  advantage  of  this  steel 
tube  is  the  higher  Inner  diameter  which  leads  to  a 
larger  operational  ‘range  for  the  same  laying  length 
or  the  possibility  to  have  a  larger  laying  length 
giving  the  same  operational  range  but  with  better 
performances  at  1550  nm  by  a  larger  bending  radius. 
Figure  13  shows  a  photograph  of  the  entire  cable. 
Ouring  the  fabrication  process  no  additional 
attenuation  arises  at  1300  and  1550  nm.  Further 
results  on  this  cable  will  bn  reported  on  the 
symposium. 

After  tests  in  the  laboratories  and  the  internal 
test  field,  field  trials  are  foreseen  for  1990.  For 
these  field  trials  some  modifications  have  to  be 
done  on  the  hood  closure  for  the  cable  inlet  to 
achieve  tight  closures. 


4.  Outlook 

By  these  new  developed  optical  fibre  ground  wires 
new  possibilities  for  power  utilities  arise.  Now 
for  all  overhead  power  lines  adequate  ground  wires 
are  available.  Whereas  for  220  and  360  kV  lines  the 
standard  optical  fibre  aerial  cable  with  conven¬ 
tional  fibre  core  will  be  used  it  will  be  possible 
for  110  kV  lines  to  replace  the  existing  earth  wire 
by  a  thin  optical  fibre  ground  wire  with  no  addl 
tional  loading  on  the  touers  or  add  a  separate 
aerial  cable  on  20  kV  lines.  On  the  other  hand  it 
is  possible  to  install  on  other  power  lines  ground 
wires  with  a  central  tube  for  cases  where  at  the 
moment  no  optical  fibres  are  needed.  At  the  time  of 
need  optical  fibre  elements  can  be  Incorporated 
with  less  effort. 

Also  in  other  countries  cable  manufacturers  and 
power  utilities  work  in  this  subject  (4). 
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Summary. 


Chromatic  dispersion  of  standard  single- 
mode  fibers  is  a  limiting  factor  for  the 
length  and  bit  rate  of  an  optical 
transmission  line.  Dispersion-flattened 
single-node  (DFSM)  fibers  have  lew 
dispersion  in  the  second  and  third 
transmission  windows  and  therefore  offer 
tho  system  designer  a  considerable 
increase  in  possible  system  configura¬ 
tions.  A  newly-designed  DFSM  fiber  that 
can  bo  used  in  the  subscriber  loop  is 
presented  in  this  paper.  The  design  has 
been  optimised  for  low  dispersion,  low 
bending  loss  and  low  splice  loss.  A  trial 
production  of  the  fiber  confirmed  that 
these  goals  have  been  achieved.  Cables 
with  DFSM  fibers  have  been  fabricated. 
They  pass  all  standard  quality  tests 
without  any  problem.  Connectors  with  DFSM 
fibers  exhibit  good  performance.  In 
addition,  we  fabricated  couplers  and 
multiplexers  from  our  DFSM  fiber. 


Introduction. 


Tho  dispersion  in  an  optical  trans¬ 
mission  line  is  determined  by  tho 
dispersion  characteristics  of  the  fiber 
and  the  spectral  width  of  tho  light  source 
(loser,  LED) .  Tho  dispersion  of  a  single- 
mode  fiber  is  given  by  tho  chromatic 
dispersion  which  is  the  sum  of  the 
material  dispersion  and  the  waveguide 
dispersion.  The  latter  can  bo  modified 
through  proper  choice  of  the  refractive 
index  profile.  Standard  single-mode  fibers 
have  a  zero  dispersion  point  around  1.3  pm 
but  a  high  dispersion  value  in  tho  third 
transmission  window  (about  20  ps/(km*nm). 
For  dispersion-shifted  fibers  the  refrac¬ 
tive  index  profile  has  been  designed  in 
such  a  way  that  zero  dispersion  results 
around  1.55  pm.  However,  these  fibers  have 
high  absolute  values  of  dispersion  in  tho 
second  transmission  window.  Tho  DFSM  fiber 
combines  tho  advantages  of  both  fiber 
types?  it  has  low  dispersion  in  both  tho 
second  and  third  transmission  windows 
(Fig.  1). 


Fig. 1. Dispersion  of  different  fiber  types: 
Conventional  singlo-modc  fiber; solid  line; 
Dispersion-flattened  single-mode  liber 
(DFSM) :  dash  line? 

Dispersion-shifted  singlc-m^de  fiber: 
dash-dot  line. 


So  far,  DFSM  fibers  have  a  slightly 
higher  attenuation  than  standard  single- 
mode  fibers.  This  limits  their  use  in 
long-haul  applications.  Nevertheless,  the 
DFSM  fiber  can  be  applied  in  the 
subscriber  loop  where  distances  arc 
shorter  than  in  long-haul  applications. 
Tho  low  absolute  dispersion  value  of  the 
DFSM  fiber  offers  new  possibilities,  such 
as  wavelength  division  multiplexing  at 
several  wavelengths  in  the  second  and 
third  windows  for  high  bit  rate 
transmission  using  LEDs  or  inexpensive 
multimode  semiconductor  laser  diodes1.  We 
therefore  present  a  new  DFSM  fiber  which 
has  been  fabricated  in  a  laboratory  trial 
production  with  excellent  results. 
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t'fsign  goals  for  DFSM  fibers. 


The  design  has  been  optimised  to  meet 
the  requirements  described  hereafter.  The 
absolute  values  of  chromatic  dispersion 
should  be  less  than  3.5  pa/(km*nm)  in  the 
1.29  pm  4,  x  4  1.56  pm  wavelength  range 
(Fig.  1)  which  covers  the  second  and  third 
transmission  windows.  The  cutoff  wave¬ 
length  must  be  sufficiently  small  to 
ensure  single-mode  operation.  The  bending 
loss  behavior  should  be  comparable  or 
hotter  than  that  of  standard  single-mode 
fibers  in  order  to  make  use  of  standard 
coating  materials  and  cable  designs*  The 
spot  sizes  should  be  as  large  as  possible 
to  facilitate  lev-loss  connections  (using 
splices  and  standard  single-mode  connec¬ 
tors)  .  The  density  of  dopants  in  the  core 
region  should  be  as  low  as  possible  to 
minimise  their  contribution  to  the 
attenuation.  The  design  must  allow  for 
fabrication  tolerances  and  limitations  in 
order  to  provide  for  high  fiber  production 
yield.  The  fabrication  of  fused  couplers 
from  these  DFSM  fibers  should  be  possible. 

DFSM  fiber  design. 

A  triple-clad  approach  was  used  in  our 
design  because  the  outermost  index  step  is 
light-guiding.  This  results  in  low 
sensitivity  to  bending  loss.  For  the 
analytical  description  of  the  DFSM  fiber 
we  used  the  equations  given  in  Ref.*.  We 
searched  for  the  best  compromise  of  this 
optimization  problem  with  six  degrees  of 
freedom  by  varying  the  refractive  indices 
and  radii  of  the  core  and  its  segments.  Wc 
found  the  local  optima  by  calculating  the 
chromatic  dispersion,  bending  loss*  and 
spot  sizes4  of  fundamental  and  first-order 
higher  modes  for  different  combinations  of 
radii  and  refractive  indices.  By  comparing 
the  theoretically  predicted  and  prac¬ 
tically  achieved  properties,  the  optimum 
DFSM  fiber  design  evolved  through  fine 
tuning  within  the  region  of  local  optima. 
The  fiber  fabrication  process  loads  to  a 
decrease  in  the  refractive  index  value 
near  the  fiber  center.  This  central  dip  is 
taken  into  consideration  in  our  fiber 
design  (Fig.  2).  The  calculated  absolute 
maximum  value  of  chromatic  dispersion  of 
our  fiber  design  is  less  than  2.7  ps/ 
(km*nm)  within  the  mentioned  wavelength 
range.  This  results  in  a  margin  for  small 
profile  deviations  in  the  fabricated  fi¬ 
bers.  Therefore,  small  deviations  from  the 
profile  should  not  cause  the  3.5ps/(km*nm) 
absolute  value  of  the  chromatic  dispersion 
to  be  exceeded.  Fig. 3  shows  the 
theoretically-predicted  dispersion  and  the 
measured  dispersion  of  a  fabricated  fiber. 


Radius  in  microns 


Fig. 2.  Refractive  index  profile  of  rhe 
designed  DFSM-fiber  with  typical  dip 
(solid  lino)  and  measured  profile  of  a 
fabricated  fiber  (dash  line). 


Wavelength  in  microns 


Fig. 3.  Chromatic  dispersion  of  the 
designed  fiber  (solid  line)  and  a  typical 
measurement  result  (dot  line). 
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Influence  of  fiber  fabrication. 

Preform  fabrication  and  fibor  drawing 
generally  prompt  the  refractive  index 
profile  to  deviate  from  the  theoretically 
ideal  profile.  These  deviations  are  caused 
by  the  statistically  varying  fluctuations 
or  systematic  changes  of  radii  and 
refractive  indices.  A  main  mechanism  that 
changes  the  refractive  index  profile  is 
dopant  diffusion  during  fiber  fabrication. 
Diffusion  leads  to  a  smoothed  profile. 
Fig.  2  '■hows  the  designed  index  profile 
and,  as  sn  example,  the  profile  of  a 
fabricated  fiber.  The  latter  illustrates 
the  case  of  Imprecise  fluorine  doping  and 
profile  smoothing  through  diffusion. 

Fig.  4  shows  the  effect  of  deviations  of 
radii  up  to  ±0.1  pm  and  deviations  of  the 
relative  refractive  index  differences  up 
to  ±0.02%  on  the  chromatic  dispersion.  The 
minimum  and  maximum  chromatic  dispersion 
values  of  worst-case  combinations  of  these 
deviations  for  each  wavelength  arc  shown 
by  the  dash-dot  lines.  However,  these 
worst  cose  combinations  are  of  very  low 
probability.  Thus,  wo  calculated  the 
chromatic  dispersion  for  statistically 
perturbed  radii  and  refractive  index 
differences.  The  variance  of  the  deviation 
of  the  radii  is  0.1  pm  and  the  variance  of 
the  deviation  of  tho  refractive  index 
differences  is  0.021.  66%  of  the  chromatic 
dispersion  curves  of  all  statistically 
perturbed  fibers  are  within  chc  dashed 
lines.  This  chows  the  partial  compensation 
of  the  perturbation  of  one  fiber  design 
parameter  by  other  fiber  design  para¬ 
meters. 

Deviations  from  the  ideal  value  of  tho 
actual  refractive  index  level  in  the 
realized  preform  con  be  compensated 
through  a  suitable  drawing  ratio.  Fig.  5 
shows,  as  an  example,  the  calculated  fiber 
drawing  ratios  that  compensate  a  deviation 
of  the  refractive  index  of  the  fluorine- 
doped  part  of  the  fiber.  Deviations  of  the 
rofractive  index  difference  up  to  30%  can 
be  compensated.  However,  some  simultaneous 
changes  of  other  fiber  parameters  must 
then  be  taken  into  account. 

The  effect  of  diffusion-generated 
changes  of  tho  refractive  index  profile  on 
dispersion  con  also  be  compensated  by  a 
suitable  drawing  ratio.  Fig.  6  shows  the 
chromatic  dispersion  of  a  fiber  with  a 
diffusion-smoothed  profile  with  and 
without  compensation  through  the  drawing 
ratio.  Typical  diffusion  can  completely  be 
compensated  through  an  adjustment  of  the 
drawing  ratio. 
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Fig. 4.  Calculated  chromatic  dispersion  of 
the  designed  DFSM-f lbor:  nol id  line.  For 
statistical  deviations  with  variances  of 
radii  and  relative  index  differences  of 
0.1  pm  and  0.02%,  respectively,  the  chro¬ 
matic  dispersions  of  G8%  of  the  perturbed 
fibers  are  within  the  dash  lines. 
Chromatic  dispersion  for  worst-case 
perturbations  of  radii  up  to  0.1  pm  and  of 
relative  refractive  index  differences  up 
to  0.02%:  danh-dot  lines. 


Fig. 5.  Compensation  of  the  perturbation  of 
the  relative  refractive  index  difference 
of  the  fluorine-doped  cladding  of  a  DFSM 
fiber  by  the  relative  fiber  drawing  ratio. 
The  absolute  value  of  chromatic  dispersion 
within  the  lines  is  <  3.5  ps  /(km*nm). 
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Wavelength  in  microns 


Fig.  6.  Calculated  chromatic  dispersion  of 
the  diffusion-smoothed  fiber  without 
(dooh-dot  line)  and  with  (dot  lino) 
compensation  by  the  relative  fiber  drawing 
ratio. 


DFSM  fiber  trial  production. 

The  DFSM  fibers  were  fabricated  using 
the  picvd  (Plasma  Impulse  chemical  Vapor 
Deposition)  process5.  They  were  cut  to  a 
length  of  2.2  km.  Small  deviations  of  the 
achieved  profile  with  respect  to  the 
planned  design  have  led  to  altered 
dispersion  behavior  as  a  function  of 
wavelength.  These  may  possibly  cause  the 
dispersion  to  exceed  the  absolute  value 
of  3.5  ps/(km*nm)  in  pirtions  of  the 
wavelength  range.  Fig.  7  shews  a  histogram 
of  the  achieved  dispersion  values  for  \  ® 
1.29  pm.  These  dispersion  values  are 
concentrated  in  the  range  between  3.0 
and  3.5  ps/(km*nm).  Fig.  8  illustrates 
the  distribution  of  the  dispersion 
maximum.  Here,  too,  more  than  75%  of  the 
fiber  samples  fall  below  the  3.5  ps/(km* 
nm)  value.  This  proves  that  our  goal, 
which  is  to  keep  the  absolute  dispersion 
to  3.5  ps/(km*nm)  within  the  1.29  pm 
1.56  pm  wavelength  range,  can  bo  achieved 
with  the  design  of  our  profile. 

The  cutoff  wavelength  was  determined  in 
accordance  with  CCITT  through  bending 
tests  on  short  (2  m)  samples.  The  measured 
cutoff  wavelengths  are  between  1.0  and 
1.2  pm.  The  influence  of  cabling  on  the 
cutoff  wavelength  was  determined  by  using 
specially-fabricated  fibers  with  a  cutoff 
wavelength  in  excess  of  1.4  pm.  After 
cabling  was  completed,  the  cutoff  wave¬ 
length  was  once  again  measured  on  a  30  m 
sample  of  the  cable.  All  measurement 


values  were  found  to  be  below  1.3  pm. 
Here,  too,  it  was  not  possible  to  observe 
any  mode  coupling  or  additional 
attenuation.  Furthermore,  we  determined 
the  mode  field  diameter  in  accordance  with 
the  variable  aperture  method  and  the  data 
were  evaluated  according  to  the  "Pctcrmann 
II  Definition".  The  average  field  diameter 
of  5.9  pm  for  X  ■  1.3  pm  is  in  good 
agreement  with  the  theoretically  predicted 
value.  The  field  diameter  of  the  DFSM 
fibers  is  smaller  than  that  of 
conventional  fibers.  The  effect  of  thin 
property  on  splices  and  connectors  will  bo 
discussed  below. 


dlpersion  (ps/nm/km) 


Fig. 7.  Distribution  of  dispersion  values 
at  1290  nm  measured  on  45  km  of  fiber,  cut 
into  2.2  km  long  samples. 


dispersion  (ps/nm/km) 


Fig. 8.  Distribution  of  maximum  dispersion 
values  on  the  same  samples  as  those  in 
Fig.  7. 


The  smaller  field  results  in  low 
sensitivity  to  bending  of  the  fiber.  Fig. 
9  illustrates  the  additional  attenuation 
of  two  DFSM  fibers  as  well  as  that  of  a 
standard  matched-cladding  single-mode 
fibers  after  winding  100  turns  on  a 
mandrel  with  50  mm  diameter.  In  comparison 
to  standard  matched-cladding  single-mode 
fibers,  the  additional  attenuation  caused 
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by  bonding  occurs  only  at  the  longer 
wavelengths  in  DFSM  fibers;  i.e.  in  a 
range  which  does  not  affect  the  cabling. 
The  tests  were  conducted  on  two  DFSM 
fibers  with  deliberately  low  cutoff 
wavelength  {<  1.05  pm).  Therefore,  tho 

average  sensitivity  to  bending  of  our  DFSM 
fibers  is  even  better  because  a  longer 
cutoff  wavelength  causes  a  correspondingly 
lower  sensitivity  to  bending. 

A  standard  loose  tube  cable  construction 
was  used  to  investigate  the  performance  of 
the  DFSM  fibers  in  a  cable.  There  is  no 
measurable  increase  in  attenuation  of  tho 
DFSM  fibers  in  a  cable.  This  confirms 
their  low  sensitivity  to  macro-  and  micro¬ 
bending. 

In  addition,  we  examined  the  behavior  of 
DFSM  fibers  as  a  function  of  temperature 
variation.  For  this  the  cable  was  sub¬ 
jected  to  a  continuous  heat  cycling  test 
for  10  days  at  reference  temperatures 
of  -20°C,  0°C,  +20°C  and  +60°C.  The  change 
in  attenuation  was  determined  through  OTDR 
measurements  at  1.3  pm  and  1.55  pm.  The 
maximum  deviation  measured  on  all  fibers 
from  the  +20°C  reference  value  was  less 
than  0.01  dB/krc.  This  value  is  equal  to 
the  resolution  capability  of  the  OTDR. 

Splice  Loss. 

In  Ref .  *  we  have  shown  that  low-loss 
fusion  splices  (.$  0.05  dB)  between  DFSM 
fibers  can  be  carried  out  routinely.  We 
have  also  shown  that  low-loss  splices 
between  DFSM  and  standard  single-mode 
fibers  can  be  made.  It  is  therefore 
possible  to  use  components  with  standard 
single-mode  pigtails  in  conjunction  with 
DFSM  fibers. 


wavelength  (nm) 

Fig. 9.  Macro-bending  loss  (100  turns  of 
fiber  on  50  mm  diameter) ; 
solid  line;  DFSM  fiber,  1028  nm  cutoff 
wavelength; 

*****  line:  DFSM  fiber,  1050  nm  cutoff 
wavelength; 

+++++  line;  Standard  matched-cladding 
single-mode  fiber 


Fig. 10.  Coupling  ratio  of  single-wave¬ 
length  DFSM-fibor  coupler  (solid  lino)  and 
DFSM- fiber  wavelength  division  multiplexer 
(dash  lino) . 


fiber  coupler  (solid  line)  and  DFSM-fiber 
wavelength  division  multiplexer  (dash 
line) . 

Biconically-tapered  DFSM  couplers. 

Biconically-fused  fiber  devices  like 
couplers  and  multiplexers  can  be  made  from 
DFSM  fibers  in  the  same  manner  as  from 
standard  single-mode  fibers.  Typical 
characteristics  of  such  devices  are  shown 
in  Figs.  10  and  11.  In  order  to 
investigate  the  diffusion  processes  within 
the  coupler  waist  we  developed  a  high- 
contrast,  dynamic  RNF  (Refracted  Near- 
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Field)  technique  with  high  spatial 
resolution  by  deconvolving  the  input-focus 
near-field’.  Fig.  12  shows  the  deconvolved 
refractive  index  profile  of  a  cross- 
section  within  the  coupler  waist.  As  a 
result  of  diffusion,  the  multiple 
claddings  of  the  two  cores  disappeared. 
Details,  including  field  calculations  and 
propagation  characteristics  ,  i.c.  polar¬ 
ization  dependence,  arc  given  in  Ref.*. 


Connectors. 

Fig.  13  illustrates  a  histogram  of 
insertion  losses  which  were  measured  with 
DXN  typo  47256  connectors  used  between  two 
DFSM  fibers.  The  losses  of  connectors  with 
DFSM  fibers  are  only  slightly  higher  than 
those  of  connectors  with  standard  .single- 
mode  fibers.  This  can  be  tolerated  in  the 
subscriber  loop. 
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Fig. 12.  Measured  refractive  index  profile 
of  fused  section  of  DFSM-fibcr  single- 
wavelength  coupler,  deconvolved  with  the 
input-focus  near-field. 


Insertion  loat  [dB) 


Fig. 13.  Distribution  of  insertion  losses 
(DIN  type  47  256  connector)  with  DFSM 

fibers:  240  connectors  randomly  oriented 
against  reference  connector. 


Conclusion. 


Wo  designed,  fabricated  and  cabled  DFSM 
fibers  with  a  maximum  absolute  chromatic 
dispersion  of  3.5  ps  (km*nm)  with  low 
bending  and  splice  looses  for  the 
1.29  pm  ^  x  ^  1.56  pm  wavelength  range. 
This  new  design  takes  into  account 
fabrication  tolerances  and  limitations. 
The  fiber  behaves  well  in  the  cable.  All 
standard  quality  tests  have  been  satis¬ 
factorily  completed  on  cables  with  DFSM 
fibers.  Connectors  with  DFSM  fibers 
exhibit  proper  performance,  in  addition, 
we  fabricated  low-loss  fused  couplers  and 
multiplexers  from  the  DFSM  fibers. 
Therefore,  the  designer  has  at  his 
disposal  all  necessary  components  to 
install  the  DFSM  fiber  in  the  subscriber 
loop.  The  characteristics  of  the  DFSM 
fibers  offer  the  system  designer  a  con¬ 
siderable  increase  in  possible  systems 
configurations. 
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DEVELOPMENT  OF  THE  OPTICAL  FIBER  CABLE 
INSTALLED  IN  THE  SEWER  PIPE  NETWORK 


Masnyuk  l  NilJIMA  S h I n l a r o  S ENTSU I  Ka t s u h I ko  KOM I YAMA 


THE  FURUKAWA  ELECTRIC 

Suaaary 

Ve  find  the  new  cable  Installation  duel  In  aetropolltan 
•ret.  This  Is  •  sewer  pipe.  As  sewerage  systes  look 
like  •  nctiork.  «n  Intel  I  lienee  network  easily  c»n  he 
Introduced  through  seuer  pipe  In  this  cue.  To  satisfy 
Installation  In  •  seuer  pipe  ue  Introduced  stainless 
pipe  fiber  units  thlch  consisted  of  thin  stainless 
tubes  and  contained  an  optical  fiber.  Stainless  pipe 
units  tore  stranded  Jelly-filled  and  polyethylene 
sheath  «as  applied.  The  cable  whose  outer  dlaaeler  and 
■eight  uere  about  10  at  and  100  kg/ka,  respectively. 

The  test  result  of  the  cable  uas  excellent  for 
using  stainless  pipe  units.  The  daaage  by  rats  uas 
Halted  to  only  PE  sheaeth,  acta  I  tubes  uere  not 
daaaged.  Further  nore  the  cable  uas  Installed  Into 
the  250  aa  seuerplpe.  actually  In  September  1988.  The 
cable  uas  run  through  in  the  seuer  pipe  and  anchored 
to  the  upside  of  the  seuer  pipe  by  Installation  robot, 
successfully.  For  the  result  of  this  Installation 
trial,  the  neu  cable  shoes  to  have  satisfactory 
perfornance  for  practical  use. 

1.  INTK00UCT10N 

Optical  fibers  are  characterized  by  thea  siall 
diaaeter,  light  weight,  broad-band,  non  -  Inductive 
property.  More  and  aore  optical  fibers  are  being 
Introduced  In  Japan.  In  aetropolitan  area  such  as 
Tokyo,  in  particular,  there  Is  a  rapid  progress  of  Its 
Introduction.  Optical  fiber  cables  are  generally 
instal tated  cable  ducts  under  ground  in  order  not 
to  daaage  the  scenery  of  loans.  As  a  result  of  recent 
progress  In  Inforaatlonallzatlon,  however,  the  lack 
of  Installation  space  tor  new  cables  has  becoae  a 
problea.  Under  such  circuaastances,  ue  focused  on 
other  existing  pipes  to  use  thea  as  new  cable 
Installation  space.  These  pipes  Include  waterworks, 
seuer  systeas  and  gas  pipelines.  Since  they  are 
networks,  It  Is  easy  to  select  cable  routes.  Moreover, 
being  led  Into  all  the  subscribers'  houses,  these 
pipes  will  be  useful  once  optical  fibers  are  brought 
Into  subscribers'  use.  Froa  the  viewpoint  of  safety, 
however,  with  current  technology  it  is  iipossible  to 
use  gas  pipelines  and  waterworks  on  which  pressure 
Is  exerted.  As  a  consequence,  we  Investigated  sewer 
systeas  as  the  priae  candidate. 


CO.  ,  LTD.  ,  TOKYO,  JAPAN 

There  are  several  probleas  wt  aust  solve  to  install 
optical  cables  through  seuer  systeas.  Difference  of 
sewer  systeas  froa  general  cable  ducts  Is  that  water  Is 
always  running  through  sewer  systeas.  later  degrade  the 
performance  of  optical  fibers.  Moreover,  since  ualer 
running  through  these  pipes  Is  sewage  water,  seaber 
protecting  optical  fibers  aust  be  the  one  that  can  be 
submerged  In  It.  To  avoid  these  probleas,  optical 
fibers  aust  be  designed  so  that  It  will  not  get  wet, 
and  its  aesber  aust  ae  cheaieai-proof.  There  have  aiso 
been  a  nuaber  of  reports  stating  that  rats  living  In 
the  seuer  systeas  gnawed  cables.  Cables  aust  protect 
optical  fibers  froa  the  attack  of  rats.  If  the  size  of 
seuer  systeas  Is  so  saall  that  a  aan  cannot  go  through, 
water  flow  will  be  affected  by  the  diaaeter  of  cables. 
Accordingly,  the  size  of  cables  as  well  aust  be  aade 
thinner. 

To  aeet  these  requirements,  we  developed  cables 
saaller  In  dialer  using  a  aetal  tube  aade  by 
Inserting  an  optical  fiber  in  a  thin  stainless  tube. 
In  extreae  narrow  seuer  systeas,  In  particular,  as 
an  optical  fiber  cable  Is  Installed  by  a  robot, 
flexibility  rill  becoae  an  essential  requlroaent. 

2.  CABLE  DESIGN 

Ihen  Installing  optical  cables  through  seuer  systeas, 
you  aust  sake  sure  that  cables  are  laid  on  the  upper 
wall  of  pipes  where  possible.  Seuer  systeas  aay  not 
always  but  Inters! ttent ly  have  a  running  water. 
However,  water  aay  always  stay  In  the  lower  part  of 
pipes.  Therefore,  it  Is  recoaaended  to  lay  cables  as 
high  as  possible  to  prevent  the  deterioration  of 
cables.  The  size  of  seuer  systeas  ranges  fora  4  a 
to  25  ca  In  Inside  diaaeter.  Ihen  laying  optical 
cables  on  the  upper  inner  wall  of  pipes,  trunk  pipes 
of  2  a  In  diaaeter  allow  a  aan  to  work  in  it,  however, 
it  is  necessary  to  use  a  robot  In  the  thinnest  branch 
pipes  of  25  ca  In  diaaeter.  In  the  latter  case,  cables 
aust  be  about  10  aa  In  outside  diaaeter  and  flexible. 

Since  rats  aay  gnaw  cables  in  sewer  systeas,  tests 
■ere  actually  performed  on  a  variety  of  cables  to  see 
daaage  by  rats'  gnawing.  Cables  used  as  saaples  and 
their  results  are  shown  in  table  1.  According  to  these 
results,  non-aetal lie  structure  is  helpless  against 
rats'  graving.  Ceneral  LAP  sheath  also  proved  to  be 
useless.  The  test  results  shows  that  it  is  effective 
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to  Insert  an  optic*l  fitter  In  a  stalnlm  steel  tube  or 
use  stainless  steel  braldlnt  to  protect  optical  fibers 
fro*  rats. 

Evaluation  aas  tade  uslnt  SO/125  ua  standard  Cl  type 
fiber. 

2-1  STAINLESS  TUBED  FIBER  UNIT 

Noraally  plastic  and  alalnua  are  used  to  protect 
optical  fibers,  hovevcr,  these  aaterlals  are  not  strons 
enoush  to  protect  It  froa  aolslure  and  rats.  If  outside 
dlaaeter  is  not  Halted,  such  aaterlals  as  corrupted 
sheath  can  also  be  used,  Hoaever,  «hen  cables  are 
Installed  by  a  robot,  these  aaterlals  are  not  proper 
due  to  its  excessive  outside  dlaaeter  end  aeliht  and 
poor  flexibility.  For  that  reason,  *c  developed  a 
stainless  pipe  fiber  units  ahlch  consisted  of  thin 
stainless  tubes  and  contained  an  optical  fiber  to 
invent  thin  cables.  Cross  section  of  u  acta  I  tube  unit 
Is  shorn  In  FIs.  I.  The  outside  end  Inside  dtaaelcrs 
of  the  pipe  are  1.2  aa  and  0.5  aa,  respectively,  and 
the  outside  aiacler  of  the  optical  fiber  cvrt  U  0.4 
aa.  These  flsurcs  arc  slailar  to  those  for  the 
conventional  core  aould  not  be  denoted  by  rats' 
snawint. 


1.2mm 


FIG.!  CROSS  SECTION  OF  THE  XETAl  TUBED 
FIBER  UNIT 


2-2  CABLE 

The  cross  section  of  the  developed  cable  aas  shorn  In 
FI*.  2.  The  cable  Is  aade  by  strandlnc  six  cores  of  the 
optical  fiber  unit  acntloned  In  2-1  around  the  center 
tension  aenber  and  covtrln*  It  ilth  polyethylene 
sheath.  It  Is  a  thin  cable  ilth  an  outside  djaaeter  of 
about  7  aa.  Stainless  steel  and  polyethelene  are  used 
as  cable  aeabtr  since  It  Is  thouiht  to  be  resistant  to 
corrosion  by  aaste  aster  within  sever  systeas.  PH  value 
atuured  In  the  actual  seacr  systeas  Is  within  a  ran*e 
of  5  to  9.  The  said  aaterlals  are  stron*  enoujh  to 
resist  It. 

*e  perforaed  tests  on  an  optical  unit  and  cable  to 
see  daaaie  by  rat's  matin*.  As  far  as  the  cable  is 
concerned,  althoujh  polyethylene  sheath  »as  dtaated. 
stainless  steel  pipe  aas  unharacd.  Both  the  optical 
fiber  and  unit  were  safe. 


STRENGTH  MEMBER  (l.^mmOD) 
OPTICAL  nnr.K  (0.4mmQD) 
ffTAINIJ-JW-nlHE  (O.Smm  ID.I.2mm  OD) 
.POLYETHYLENE  .SHEATH  (7mm) 


FIG.2  CROSS  SECTION  OF  DEYEROPED  CABLE 


TABLE  1  GNAWING  TEST  RESULT 
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NETAL  TUBED  FIBER  UNIT 

1.2  aa 

NO  DAMAGE 

0  X 
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THE  SURFACE 
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3.CHABACTEBIST1CS 


3-1*2  Other  characteristics 


3-1  STAINLESS  TL'BED  FIBEB  UNIT  Other  evaluation  results  ere  shorn  In  Ttble  2. 

3-1-1  Elontetlon 

The  elometlon  test  results  of  the  stainless  tubed 
fiber  unit  Is  shoun  In  Fit.  3.  In  the  elongation  test, 
the  elometlon  of  the  tube,  distortion  in  tension  end 
elometlon  of  the  fiber  «ere  eeesured  by  exerting 
tensile  force  on  the  tubu  of  10  e  In  gauge  lemth. 

According  to  the  results,  the  optics!  fiber  Is  lonier 
then  the  steinless  tube  by  0.0S  X,  end  Yount's  nodulus 
of  the  tube  thlch  is  calculsted  froe  toed  end 
elometlonis  ebout  10,000  kg/»n*.  This  proves  the 
aeterlel  to  be  *el!  enneeled.  On  the  other  hend,  the 
Yount's  nodulus  of  stainless  steel  is  17,000  kt/ee*, 
uhlch  is  such  loior  then  the  past  results.  This  Is 
because  the  headline  of  tube  vas  taken  Into 
consideration.  That  Is,  if  stainless  sleet  with  e  hith 
Yount's  aodulus  Is  used,  a  lube  ail  I  not  becoae 
flexible,  Eikln*  Its  handling  during  terain*! 
proctscint  difficult.  As  a  result,  aorkablllty  a*/ 
drop  and  fibers  aay  be  disconnected. 

To  avoid  such  problem,  the  tube  used  In  this  test 
Is  annealed  to  decrease  Its  Yount's  aodulus. 


3-2  CABLE 

3-2-1  Xanufactur log-process  loss 

Chantes  In  auufacturlnt-process  transmission  loss  of 
optical  fibers  in  the  fora  of  a  cable  ere  shorn  In 
fit.  4.  Optical  fibers  in  the  fora  of  a  cable  caused  no 
chantes  In  loss,  shoalnt  favorable  results. 

3-2-2  Elometlon 

Elontetlon  test  results  are  shorn  in  Fit.  5.  Fiber 
strain  Is  0  with  a  tensile  force  up  to  10O  kc.  which 
Is  the  aeltht  for  I  ka.  A  tensile  force  of  250  kt 
causes  elometlon  strain  by  0.2  X,  not  increaslnt 
transalsslon  loss.  This  represents  that  being  a  thin 
cable  of  7  ae  In  outside  diameter,  the  optical  fiber 
cable  Is  very  strong. 

3-2-3  Latere  I  pressure 

In  lateral  pressure  test,  applied  p.cssure, 
transalsslon  loss  and  deformation  vere  aeasured  by 
applying  load  on  a  cable  sandal tched  betueen  plates  of 
50  as  In  width.  The  results  are  shorn  in  Fig.  6. 
Transmission  loss  does  not  occur  with  a  load  of  less 
than  500  kg,  thus  shoving  the  leaense  protective 
effects  of  aetal  tube. 
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Lateral  pressure;  No  Increase  In  loss  even  with  a 
width  of  50  aa  end  a  load  of  250  kg  or  over,  thus 
proving  the  core  to  be  very  strong. 

Bending  :  Loss  Is  no  greater  than  nylon  core. 
Hotever, flexibility  Is  less. 

Teaperature  :  Favorable  changes  In  loss  are  obtained 
within  0.1  dB/ka  during  the  aeasureucnl  at  teaperatures 
ranging  fro*  -40  to  *80  *C.  Possible  reasons  are  that 
the  coefficient  of  linear  expansion  of  nylon  Is  sneller 
than  that  of  linear  expansion  of  nylon  Is  saalter  than 
that  of  stalhless  steel,  and  fiber  can  move  within  the 
tube. 


TABLE  2  TEST  BESULT 


LATEBAL  FBESSUBE 
BENDING 
TENfEBATUBE 


LOSS  NO  INCREASE  OF  250k|/50an  _ 
.LOSS  NO  INCBEASE  OF  SOaa  OIANETEN 
LOSS  NO  INCBEASE  OF  -40~*gQTC 


(tmyap)  SS01  NOISEKSNYHX 


A:  OiTICAL  FIBER  B:  METAL  TUBED  FIBER  UNIT 
C:  STRANDED  UNIT  D:  CABLE 

FIG.4  TJUNSNtSSlOX  LOSS  IX  MXUFACTURlIfG 
PROCESS 


LATERAL  PRESURK  (60m<n/t) 
FIC.6  LATERAL  PRESSURE  TEST  RESULT 


3-2-4  Flexibility 


FIG.S  ELONGATION  TEST  RESULT  (CABLE) 


One  end  ot  *  cable  of  500  aa  In  Itntth  Is  held  end 
load  ts  ippt led  to  the  opposite  end  of  the  cable  to 
aeasere  the  aeliht  of  aeliht  and  defltctlon.  The 
results  ire  shorn  In  Fly.  7.  then  Iced  Is  100  t,  a 
deflection  of  SCO  si  occurs.  This  proves  the  cable 
structure  to  be  flexible. 


DEAD  WEIGHT  (g/500mm) 
FIC.7  FLEXIBILITY  TEST  RESULT 
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3*2-5  Environmental  teal 

As  sn  environmental  test,  »c  performed  sn  accelerated 
corrosion  Usl  usins  solution  which  Is  tssuicd  to  be  In 
st*er  systems.  Requirements  ire  shorn  In  Table  3.  One 
kind  of  ilktll  solution  and  three  kinds  of  add 
solutions  are  used  In  the  test.  As  sawplts,  a 
col Iccl Inc  unit  and  stainless  tubed  unit,  froa  thlch 
cable  and  polyethylene  tore  reaoved,  are  used. 

Six  months  have  passed  since  this  lest  as  started, 
hoaever,  no  abnoraalitfes  are  found  in  any  of  these 
saaoles. 

4.  INSTALLATION  TEST 

A  core  ahlch  Is  aide  by  Inscrtinc  *n  optical  fiber 
in  a  aetal  lube  Is  used  to  aake  a  cable  to  be  laid 
throush  sc.'tr  systcas.  As  a  result,  a  cable  ahlch  Is 
thinner  and  stromer  than  the  conventional  cables  is 
Invented.  Hoaever,  this  cable  his  not  been  actually 
used,  fe  redeslsned  it  to  iaprove  safety  prior  to  the 
field  leal.  Croat  section  of  the  cable  used  In  the  lest 
is  shorn  In  FIs.  8.  Elthl  optical  fiber  cores  are 
inserted  In  a  aetal  tube  and  stranded,  and  stainless 
steel  braldins  Is  added.  This  structure  proved  to  be 
effective  in  the  test  to  sec  daiuc  by  rats’  gnawing. 
The  outside  disaster  of  the  cable  Is  about  10  at  and 
aelihl  about  100  ka/ka. 

After  havlns  been  Installed  through  sever  pipe  of 
250  aa  In  inside  dimeter,  the  cable  its  fixed  onto 
the  upper  vail  of  the  sever  pipes  uslni  a  cable 
Installation. 

The  cable  Installation  robot  is  aide  up  of  three 
cars.  The  first  car  raises  a  cable  to  the  upper  part 
of  the  pipe,  the  second  car  fixes  It  onto  the  upper 
vail  with  nails,  and  the  third  car  Inspects  the  vork. 

A  lay  Inc  test  us  pertoraed  in  September,  1988.  A 
cable  vas  laid  throush  the  existins  sever  pipe  of  about 
3  ka  ih  lemth,  vhich  vis  currently  in  use.  One  year 
his  passed  since  the  layinc  is  coapleted,  hovever,  no 
probleas  have  occurred  by  now. 


TABLE  3  ENVIRONMENTAL  TEST  RESULT 


5. Conclusion 

fe  focused  on  sever  pipes,  developed  cables  and 
perforaed  a  laylnt  test  to  reaedy  the  shorlate  of  cable 
ducts  In  aetropolilan  area.  As  a  result,  ve  caae  to 
the  conclusion  that  Inscrtinc  an  optical  fiber  In 
a  stainless  steel  pipe  Is  effective  to  protect  the 
optical  fiber  froa  vasle  valer  or  rats,  fe  actually 
aide  a  cable  on  an  eyperlacntal  basis  and  perforaed 
a  Installatlng  test.  Cable  could  be  aide  thinner, 
stronicr  and  aore  resistant  to  corrosion  than  the 
conventional  cables  by  inserting  the  cable  In  a 
stainless  tube.  Installmlns  vas  coapleted  In 
Septeaber,  1988,  and  no  probleas  have  occurred  by  now. 
fe  will  continue  to  aonitor  this  cable. 

Our  next  seal  Is  to  aake  It  possible  to  Increase 
fibers  in  a  aetal  tube,  fe  are  now  developing  rabies 
with  up  to  24  fibers. 
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MO  OAMAGF 

NO  DAMAGE 

NO  DAMAGE 

HCI+SEf AGE 

MO  DAMAGE 

NO  DAMAGE 

NO  DAMAGE 

LI 

_ 

H»SO<*SEfAGE 

NO  DAMAGE 

NO  DAMAGE 

NO  DAMAGE 
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Abstract 

We  present  here  *  submarine  comwunica- 
tion  cable  system  which,  when  operating 
at  140  Mbit/s,  needs  a  land-based  re¬ 
peater  at  the  latest  every  250  km.  The 
target  of  the  development  work  that  be¬ 
gan  in  1985  was  to  introduce  a  subma¬ 
rine  cable  system  capable  of  competing 
with  radio  relay  and  overland  cable 
systems,  while  permitting  both  national 
and  international  traffic. 

The  result  of  our  development  is  a 
smallsixed  but  robust  undersea  cable 
with  a  diameter  of  about  10  mm,  which 
requires  no  conventional  cable-laying 
vessel,  which  can  be  clad  on  board  the 
converted  supply  ship  with  a  double 
armoring  -  the  so-called  protector  - 
and  can  r«e  plowed  into  the  seabed.  Thu 
plow,  operating  on  the  "constant  pro¬ 
tection  factor"  principle,  has  bf*en 
tried  and  tested  and  is  field  nroven 
in  the  Philippines. 

'me  submarine  cable  system  had  its 
initial  trials  19*7  in  iiinaaporc.  the 
first  route,  with  a  total  length  of 
93  km,  has  been  io  operation  since 
November  19H8  in  the  Philippines. 


On  tne  crest  of  a  new  wave  In  optical 
subway i no  cable  technology 

Telegraph  cables  operated  without 
repeaters.  At  first  they  ifere  of  small 
diameter  and  yet  efficient.  Uunert  U) 
writes  about  a  telegraph  cable  laid  in 
the  North  Sea  in  1859  tnat  had  an  out¬ 
side  diameter  of  13  mm  ana  remained  in 
operation  until  1903  (Pig.  1).  In  the 
course  of  these  <4  years  it  was  damaged 
uy  ice  five  times  and  repaired. 


Fig.  1 

Telegraph  cable  (1859) 


Him 


The  question  is:  why  do  practically  all 
submarine  cables  today  have  twice  the 
diameter  of  this  cable  of  1059? 

The  decisive  element  is  certainly  not 
the  power  feed  for  the  repeaters,  he 
know  that  in  the  course  of  time  tne 
telearaph  cables  became  thicker,  and 
that  telephone  cables  for  reoeaterlesr. 
operation  have  diameters  of  well  above 
‘/o  mm.  The  foctor  that  determines  the 
outside  diameter  13  the  need  for  tensile 
strength.  Tins  need  increased  lot  years 
ago  because  of  die  impossibility  of 
correctly  positioning  the  cuule-laymg 
vessel.  In  the  eve"*t  of  a  ulsturbancej 
tlit*  captain  had  to  anchor  the  snip  by 
the  cable.  Tensile  strength  requirements 
of  20  t  were  quite  justifiable.  On  tne 
other  hand,  the  submarine  cables  were 
dauaaed  by  fishing  vessels  -  by  so-cal¬ 
led  otter  hoards.  The  obvious  answer 
was  to  reinforce  the  cable  with  an  aodl- 
cional  layer  of  armoring  wires.  The  ship 
owners  responded  iy  strengthening  their" 
fishing  uear.  Yne  banes  put  an  end  to 
this  jockeying  between  canle  manufactu¬ 
rers  (and  operators)  and  ship  owners  in 
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The  MINISUB  cable 


the  "c.rtlt  -Sea  arcs  uy  tfevclonino  and 
gx  *,-.«<  «  ea'-lw  I'iew  (11).  **»>*.»  locieal 
cona^iiu>*,ie<'*  reducing  tnc  tMefcn*»xfi 

M  rat*  cal  le«,  u*d  net  t>ceur,  nov^vcr. 

If  a  buunarine  cable  in  the  coastal 
arc#  *,»  adeouacoly  protected,  cnore  is 
no  reason  why  the  outer  omtxotor, 
oejH>nyino  on  core  design  «nr.  handling 
criteria,  should  not  be  less  than  10  mm 
ana  still  guarantee  the  expected  service 
life  of  2t<  years.  Deep  water  is  in  it¬ 
self  sufficient  protection. 

On  the  basis  of  these  considerations,  a 
submarine  cable  concept,  the  M1KISUP 
system,  was  developed  with  the  following 
objective* 

The  cost  of  the  system  must  be  compara¬ 
ble  with  that  of  radio  relay  and  over¬ 
land  cable  systems,  thereby  exploiting 
a  niche  for  submarine  application  that 
was  hitherto  inaccessible  to  submarine 
cables. 

This  requirement  could  only  be  met 
under  the  following  conditions* 

*  Dispensing  with  conventional  cable 
laying  vessels 

-  The  cable  must  be  of  small  dia¬ 
meter.  Up  to  2u0  km  must  be 
stowed  in  one  standard-site  con¬ 
tainer. 

-  The  cable  can  thus  be  brought  to 
the  ship.  The  ship  no  longer  has 
to  fetch  the  cable  from  the  works. 
This  saves  transport  and  mobilisa¬ 
tion  costs. 

-  A  modular  laying  concept  for  adap¬ 
tion  to  locally  available  ships  is 
required. 

*  Favorably  priced  cable,  thoroughly 
tested. 

*  Precise  protective  measures  tailored 
to  the  individual  application  (pro¬ 
tector,  plow)  thus  ensuring  maximum 
reliability. 

*  Streamlined  laying  and  repair  pro¬ 
cedures. 

*  Large  repeater  spacings. 

*  Practical  trials  in  additon  to  labora¬ 
tory  tests. 

There  is  not  sufficient  time  for  a  de¬ 
tailed  discussion  of  every  point  men¬ 
tioned  here,  but  the  chief  criteria  of 
our  MINISUB  system  are  outlined  below. 


The  cable  must  be  significantly  heavier 
chan  water,  afford  mechanical  protec¬ 
tion  for  the  optical  fiber  and  must  not 
fill  up  with  water  if  damaged.  Moreover, 
it  must  be  capable  of  being  laid  on  the 
seabed  and  taken  up  again  from  on  board 
the  ship.  For  M1NISUU  we  use  a  buffer 
that  loosely  envelops  the  reouired  num¬ 
ber  of  fibers  from  2  to  16  and  permits  a 
certain  surplus  fiber  length.  A  special 
filling  compound  prevents  the  intrusion 
of  water  if  the  cable  la  damaged,  even 
at  a  depth  of  3000  m.  This  buffer  is 
surrounded  by  a  metal  cornet  of  armoring 
wires,  the  interstitial  spaces  being 
filled,  and  the  whole  ia  protected  by  a 
plastic  sheath.  This  MINI SUB  design 
features  an  outside  diameter  of  about 
10  mm,  a  weight  of  less  than  200  kg/km 
and  a  sinking  rate  of  about  0.4  m/s. 
Conventional  submarine  cables  have  a 
diameter  of  over  20  mm,  weigs  more  than 
1000  ke/km  and  sink  at  about  0.5  m/s 
(Figs.  2,3). 

Fig.  2 

MINISUB  cable 
in  the  container 


An  regards  the  tests  on  the  cable 
itself,  a  four-minute  film,  shown 
here  today  for  the  first  time,  will 
give  you  an  overall  picture  of  the 
results  obtained. 
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Fig.  3 

KIHlSUa  cable 


Protection 

tike  conventional  submarine  cable*, 
H1KIS0B  reouirca  additional  protec¬ 
tion  in  the  shore  region,  on  «  rocky 
bottom  in  tome  cases,  and  whore 
there  are  strong  currents. 

Fig.  4 

The  KIMSUB  cable  inserted  in  its 
protector  by  the  combiner 


As  adottlonal  protection,  it  voulu  no 
possible,  for  example,  to  apply  several 
layers  of  armoring  in  the  factory.  This 
is  cost-intensive.  Moreover,  transport 
and  loglnticH  problems  then  arise,  and 
short-notice  cnanees  in  the  cable  route 
are  not  possible,  since  matenod  lengths 
have  already  been  prepared,  we  have 
therefore  developed  a  protector  consis¬ 
ting  of  two  plastic-covered  steel  ropes. 
Cross-links  form  a  duct,  into  wnich  the 
riKlSUU  cable  can  be  threaded  on  board 
the  ship  with  the  aid  of  a  combiner 
(Pig.  4). 

As  a  further  protective  measure  in  the 
shore  region,  the  NlPUibd  cable  is 
enclosed  by  a  conduit  (Fig.  5)  that 
runs  from  the  lune-emi  point  (bHP)  to 
the  transition  point  (TP).  The  conduit 
is  chosen  such  that  it  is  readily  washed 
into  the  seabed  by  a  water  jet  and  can 
be  protected  by  stones  or  concrete.  If 
several  conduits  are  laid  sidc-by-sioe 
in  the  landing  region,  this  considerably 
reduces  costs  if  lanuing  of  further 
cables  becomes  necessary. 

The  water  deptn  at  the  transition 
point  (TP)  is  about  10  w.  At  tnis  point 
the  cable-laying  vessel  can  anchor 
safely,  and  divers  can  work  for  long 
period*  under  water  without  the  need 
for  decompression  when  inserting  the 
I'll.'ISUb  cable  that  is  to  be  brought 
ashore. 
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Fig.  5 

Schematic  representation 
of  a  KINXSUl)  route 


From  the  TP  onward  the  floatable 
underwater  cable  plow  developed  in 
the  last  two  years  can  then  be  put 
to  work  (Fig.  6).  operating  on  the 
constant-protect ion-factor  principle, 
the  plow-m  depth  of  the  cable 
vanes  witn  the  consistency  of  the 
seabed.  If  the  plowshare  hits  on 
obstacle,  the  arm  carrying  the  plow¬ 
share  jumps  over  it  without  damaginq 
the  cable  and  digs  into  the  seated 
again  behino  the  obstacle.  All  move¬ 
ments  of  the  plow,  which  is  dosioned 
for  water  depths  up  to  4L’tt  m,  ore 
displayed  on  board  the  cable-layinq 
vessel  nnu  recorded  m  the  mensunna 
container. 


Fid.  6 

Floatable  Plow 
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Laving  technique 

According  to  the  route,  water  anti 
weather  conditions,  a  suitable  ship 
is  chosen  for  cable  laying.  It  is 
fitted  out  with  the  appropriate 
containers  (Pig.  7),  such  as  the 
measuring  equipment,  cable  and 
protector  containers,  and  the  re¬ 
quired  laying  equipment.  After  a 
few  days  the  ship  is  ready  to  sAil. 
On  completion  of  cable  laying,  the 
ship  is  stripped  down  again  and  re¬ 
turned  to  its  original  purpose. 

The  same  applies  to  all  repair  work. 
Specially  developed  grappling  equip¬ 
ment  goes  on  board  the  ship  together 
with  the  repair  specialist,  and  the 
cable  is  hauled  up.  It  is  repaired 
in  the  measuring  container,  which 
contains  all  the  necessary  apparatus 
for  cable  repairs. 

Fig.  7 

Drawing  of  the  ship  with  containers 
(2  views) 


*  •  •  i  i 


Transmission  couipment 

The  transmission  capacity  of  optical 
fibers  is  limited  by  the  presently 
available  transmission  equipments,  which 
have  been  operating  reliably  on  overland 
lines  at  2  Mbit/s  to  565  Mbit/s.  In  the 
case  of  unregenerated  transmission,  the 
maximum  range  is  the  most  important  fea¬ 
ture.  This  is  determine!  bys 

o  the  fiber  attenuation 

o  the  transmit  power  of  the  OFB  (distri¬ 
buted  feedback)  laser  and 

q  tne  sensitivity  of  the  receive  diode. 


Kith  selected  fibers  and  specially  adap¬ 
ted  equipment,  Siemens  in  today  able  to 
transmit  at  140  Mbit/s,  using  a  wave¬ 
length  of  1550  nn,  over  a  distance  of 
200  km  without  repeaters. 

A  further  important  consideration  is 
the  reliability  of  the  transmission 
equipment.  Obviously,  the  cost  of  re¬ 
placing  a  module  in  the  land-based 
system,  in  terms  of  down-time  and  expen¬ 
diture  of  resources  on  repair,  is  only 
a  fraction  of  the  cost  of  repairing  an 
underwater  repeater. 

In  the  near  future,  300  km  and  more  will 
bo  spanned  without  repeaters,  if  optical 
repeaters  are  used,  it  will  certainly 
become  possible  to  span  60U  km,  at  a 
conservative  estimate,  without  going 
ashore.  Thin  is  also  the  target  of  our 
efforts  at  present. 

Project  experience 

The  MINISUB  concept  was  born  in  1986 
out  of  optical  fiber  applications 
in  security  systems}  first  evaluation 
modules  were  produced  and  the  design 
war,  developed.  In  1987  the  research 
and  development  results  for  the  cable 
and  protector  became  available,  the 
production  parameters  were  finalised, 
and  the  layimj  hardware,  included  the 
cable  plow,  was  ready. 

In  order  to  clarify  how  all  the  ele¬ 
ments  of  the  system  function  under 
practical  conditions,  a  trial  wn3 
planned  in  Singapore  between  the 
inlands  Pulnu  Bantu  and  Pulau  Semo- 
kou.  V.'e  chartered  the  supply  ship 
"Manato"  m  July  1987  and  commenced 
the  trials.  The  results  of  laying 
about  2  km  of  Fli.’ISUB  cable  with 
protector  and  partly  plowing-} n  the 
cable  were  positive.  And  so  it  was 
decided  to  complete  the  range  of 
cables  and  protectors,  to  adopt  the 
plow  and  laying  facilities  even 
better  to  the  eonditons  met  with  in 
practice,  and  to  f4nn  a  commercial 
installation  for  19HH. 

In  Kay  198B  o  contract  was  signed 
with  the  Philippine  Long  Distance 
Telephone  Company  (PLOT)  to  link 
Argao  on  the  island  of  Cebu  with 
Dumngucte  on  the  island  of  Negros 
by  a  four-fiber  Hlt’TSUH  cable  over 
a  distance  of  about  93  km.  The 
preliminary  work  on  organizing  the 
project  had  Lcqun  in  .’larch  ivijti  and 
the-  laying  cask  was  completed  by 
October  19.  then  this  paper  is  pre¬ 
sented,  the  first  anniversary  of 
successful  operation  ol  the  Ho- 
I  oit/s  system  in  1  +  1  configuration 
will  have  been  celebrated  (rig.  B). 
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Fig.  6 

PHI  MINISUB  rout*  Argao-Ruaagucte 


'  r,  deterioration  of  the  cable  charac¬ 
teristics  can  to  discerned.  Typhoons 
have  lashed  the  landing  points)  tho 
route  in  intact. 

Introduction  of  now  tcchnolony 

Wien  something  new  is  created,  old 
specifications  must  fro  reconsidered  and, 
if  necessary,  amendeo.  The  simplest 
course  of  action  for  th**  author  of  a 
specification  is  to  acc.  \  the  new  wmle 
demanding  the  old.  This  .nnnot  be  done 
here.  Standards  and  specifications  arc 
certainly  indispensable;  the  space  for 
innovation  is  dictated  by  the  user. 
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Abstract 

A  carbon  coaled  fiber  with  6.2kgf 
failure  strength  la  obinlned  ror  the 
fJrat  time.  Also,  n  direcl-corc-monliortng 
fualon  splicing  Method  for  carbon  coated 
flbera  la  developed.  Signlf leant  problems 
are  solved  and  carbon  coated  Tiber  la 
proven  practically  applicable.  Con¬ 
sequently,  a  new  type  of  submarine  cable 
using  one  hundred  carbon  coated  fibers  la 
proposed  and  developed.  This  la  a  shallow 
gen  cable  for  non-repented  systems.  The 
simple  structure  Is  realised  by  fully 
utilising  the  advantages  of  hermetically 
coated  Tiber.  Results  of  tests  on  the 
manufactured  cable  revealed  excellent  op¬ 
tical  and  mechanical  properties. 

I.  Introduction 

Carbon  is  believed  to  be  an  excellent 
candidate  as  a  hermetic  coating  material. 
The  use  or  carbon  coating  on  optical 
fibers  can  greatly  improve  fiber 
reliability  by  preventing  both  mechanical 
fatigue  and  hydrogen  Induced  loss  In¬ 
crease.  * X1 1  *> ,nl  The  coating  speed  of 
carbon  on  fiber  has  been  Increased  to  a 
rate  sufficient  for  commercial  usc,H,. 
Carbon  coated  fiber  has  been  proposed  for 
use  In  harsh  environments  such  ns  under 
the  sen  where  the  fiber  must  withstand 
high  strain  levels  over  long  periods  of 
time.  However,  carbon  coated  fiber  has 
not  been  used  practically  because  some 
problems  remain.  The  Initial  strength  of 
carbon  coated  fiber  has  been  lower  than 
that  of  conventional  fiber.  Also,  the  fu¬ 
sion  splicing  characteristics  of  carbon 
coated  fiber  remain  unclear.  These 
problems  must  be  solved  before  the  fiber 
can  be  adopted  for  practical  use.  From  the 
point  of  view  of  cable  structure  design¬ 
ing,  the  conventional  submarine  cable 
structure  is  designed  to  overcome  Inherent 
weaknesses  in  conventional  fiber  which  do 
not  exist  in  carbon  coated  fiber.  There¬ 
fore,  a  new  simplified  structure  that 
fully  utilizes  the  many  advantages  of 
carbon  coated  fiber  must  be  designed. 
However,  no  new  structure  has  yet  been 
proposed. 


In  the  former  half  of  this  manuscript, 
wc  report  recent  technical  progress  In 
carbon  coated  fiber.  The  two  main  problems 
mentioned  above  have  been  examined  and 
solved,  We  describe  the  process  by  which 
wc  solved  these  problems.  Consequently,  no 
significant  technical  problem  remain  for 
carbon  coated  fiber  and  It  Is  now  ready 
for  practical  application. 

In  the  latter  half  of  this  manuscript, 
we  propose  a  new  submarine  cable  structure 
which  fully  utilizes  the  advantages  of 
carbon  coated  fiber.  The  cable  structure 
Is  designed  for  a  shallow  sea  non- repeated 
system.  It  Is  a  far  simpler  and  more 
economical  cable  than  conventional  cables. 

Y.—Meccnt. progress  In  carbon  coat.id  fiber 

The  initial  failure  strength  of  carbon 
coated  fiber  Is  low.  ranging  from  qkgf1*1 
to  .^kgr1'",  whereas  that  of  conventional 
non-hcrmetle  fiber  Is  greater  than  Gkgr. 
Therefore,  we  must  carefully  handle  the 
carbon  coated  fiber  during  splicing  to 
avoid  fiber  failure  caused  by  the  low  Ini¬ 
tial  strength.  Moreover,  dlrcct-eoro- 
mon  I  coring  fusion  splicing  equipment*  has 
been  widely  used  in  submarine  cable  Joint¬ 
ing,  and  a  carbon  coating  on  the  fiber 
prevents  the  monitoring  of  the  fiber  core. 
This  Is  a  significant  problem  In  splicing. 
We  examined  and  solved  both  the  above 
problems. 

2_.  I  Initial  strength  Imnrovemnnts  of 
carbon  coated  fiber 

The  mnln  factors  causing  strength 
degradation  have  not  been  reported.  In  or¬ 
der  to  attain  high  strength  carbon  coated 
Tiber ,  many  Tactors  such  as  carbon 
characteristics,  carbon  thickness,  and  CVl) 
conditions,  must  be  examined.  This  com¬ 
plexity  has  been  preventing  improvements 
in  this  area.  Wc  examined  the  relationship 
between  carbon  structure  and  coated  fiber 
strength.  We  supposed  that  amorphous 
carbon  with  a  fine  structure  was  accessary 
to  attain  high  strength,  and  so  we  ex¬ 
amined  the  surface  of  carbon  coated  opti¬ 
cal  fibers  with  a  scanning  tunnel  micro¬ 
scope  (  STM  )  to  ascertain  roughness. 
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Tent  specimen*  were  Gc-dopcd  silica  core 
fibers  for  1. 3s  m  use  ami  were  csrbon 
costed  using  an  in-line  chemical  vnpor 
deposition  (  CVti  )  process.  Figure  l 
shows  typical  surface  images  of  carbon 
coated  optical  fibers  Measured  by  the 
STM.  There  is  a  clear  difference  between 
the  Image*  of  samples  (A)  and  (II).  The 
STM  can  statistically  evaluate  the  surface 
roughness,  which  is  determined  by  the 
height  fro«  the  minimum  value.  Measuring 
accuracy  is  of  the  order  of  one  nm.  The 
measured  mean  surface  roughnesses  are  4 
nm  and  Rg  nm  for  samples  (A)  and  (II), 
respectively.  Standard  deviations  are  i 
nm  and  27  nm,  respectively. 

Different  carbon  coated  fibers  were 
fabricated  under  different  CVD  conditions 
and  the  surface  roughnesses  were  measured 
with  the  STM.  Figure  2  shows  the  relation¬ 
ship  between  the  surface  roughness  and" 
tensile  failure  strength  of  the  fibers, 
in  the  failure  strength  measurement,  fif¬ 
teen  specimens  of  one  type  of  fiber 
were  tensile  tested  at  room  temperature 
and  the  average  failure  strength  is 
plotted  in  Fig. 2.  The  strain  rate  was 
20%/min,  and  the  gage  length  was  .TOO  mm. 


SAMPLE  (A) 


SAMPLE  (B) 


(nm) 


Figure  1.  STM  images  of  carbon  surfaces. 


Surface  roughness  (nm) 


Figure  2.  Relationship  between  carbon 
surface  roughness  and  failure  strength. 


it  is  found  that  the  strength  is  less  than 
4kgf  when  the  roughness  is  greater  than 
fiOnm,  as  in  sample  (D) .  When  the  rough¬ 
ness  Is  less  than  Sum.  the  strength  is 
greater  than  Skgr.  as  In  sample  (A).  ThU 
fact  indicates  that  roughness  is  one  es¬ 
sential  factor,  nitnough  a  riot  surface 
alone  is  not  sufficient  to  prevent 
strength  degradation  or  the  fiber  result¬ 
ing  from  carbon  conting- 

in  order  to  rind  other  factors,  we 
prepared  carbon  coated  ribers  with  dif¬ 
ferent  carbon  thicknesses  and  measured 
their  tensile  strength.  It  is  found 
that  the  strength  is  also  dependent  on  the 
thickness,  and  the  strongest  sample  (A) 
is  obtained  when  the  thickness  is  35nm. 
When  the  thickness  Is  less  than  30nm,  the 
strength  is  low,  which  may  be  because 
water  diffusion  through  the  carbon  coating 
causes  strength  degradation.  When  the 
thickness  is  greater  than  70nm,  the 
strength  is  also  low. 

Figure  3  shows  the  Wclbull  distribution 
of  sample  (A).  The  Wclbull  plots  of 
sample  (A)  arc  in  a  straight  line  and 
there  is  no  low  strongth  distribution. 
The  failure  strength  at  50*  failure  prob¬ 
ability  is  ns  high  ns  G.2kgf.  This  value 
is  compatible  with  conventional  silica 
fibir. 

Dynamic  fatigue  tests  were  conducted 
to  obtain  n-valucs.  Figure  4  shows  the 
relationship  between  the  strain  rate  and 
the  failure  strength  of  samples  (A)  and 
(ii).  The  strain  rate  was  varied  from  1  to 
100  */mln.  In  spite  of  the  strain  rate 
change,  the  strength  was  nearly  constant. 
The  n-value  of  sample  (A)  is  ns  large  as 
070 .  Sample  (A)  also  has  sufficient  prac¬ 
tical  resistance  to  hydrogen.  Optical 
loss  at  1.24u  m  wavelength  was  stable  for 


604  International  Wire  &  Cable  Symposium  Proceedings  1989 


300  hour*  at  75*C  In  hydrogen  »t  a  pres¬ 
sure  of  l  atmosphere. 

A*  a  result,  a  hermetically  coated 
fiber  whose  Initial  failure  strength  Is 
compatible  with  conventional  silica  fiber 
Is  obtained  for  the  first  time. 


t  =1  %/mh 
Ls 300mm 


4.0  5.0  6.0  7.0  8.0 
Failure  strength  (kgf) 


Figure  3.  Welbull  distribution  of  the 
failure  strength  of  Sample  (A). 


2.2  Plrect-core-monltorlng  fusion  splicing 
of  carbon  coated  fibers 

Dlrect-core-monltorlng  fusion  splicing 
equipment  can  align  opposing  fiber  cores 
and  estimate  splice  losses  by  monitoring 
the  fiber  core.*"1  However,  carbon  coating 
on  the  fiber  prevents  monitoring.  Also, 
the  carbon  will  invade  the  fusion  spliced 
points  and  may  degrade  both  the  splice 
strength  and  reliability.  Therefore,  the 
carbon  coating  must  be  removed  before  fu¬ 
sion  splicing.  The  carbon  is  resistant  to 
both  acid  and  alkali  and  cannot  be 
removed  by  chemical  reaction.  Also,  it  ls 
impossible  to  remove  It  mechanically 
without  damaging  the  fiber  surface.  To 
overcome  these  problems,  we  developed  a 
new  way  to  remove  the  carbon  coating  by 
pyrolysis.  Two  opposing  carbon  coated 
fibers  were  set  between  the  electrodes  of 
direct-core  -monitoring  fusion  splicing 
equipment,  and  the  carbon  coatings  around 
the  splice  points  were  removed  by  a 
cleaning  discharge.  The  cleaning  discharge 
removes  the  carbon  coatings  without  damag¬ 
ing  the  fiber  surfaces.  Then,  the  Tiber 
cores  can  be  monitored  and  fusion 
spliced  in  the  conventional  way. 

The  cleaning  discharge  conditions  were 
examined  experimentally.  Carbon  coated 
Tiber*  were  Tuslon  spliced  with  various 
discharge  times  and  discharge  currents. 
Figure  5  shows  the  experimental  results 
when  the  electrode  gap  ls  1.5mm  and  the 
fiber  gap  Is  110s  m.  Region  A  In  the 
figure  shows  an  area  where  the  discharge 
power  is  low  and  the  carbon  coatings  can 
not  be  completely  removed.  In  this  region, 
the  splice  equipment  could  not  Identify 
the  fiber  cores.  In  Region  II.  the  fibers 


Log  (Strain  rate  (?»/min)  ) 


Figure  4.  Dynamic  fatigue  test  results. 


Discharge  time  (ms) 

Figure  5.  Cleaning  discharge  power 
dependence  of  splice  characteristics. 
A:  carbon  remained.  B:  carbon  removed. 
C:  Fibor  ends  deformed. 
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were  effectively  cleaned.  In  this  area, 
the  average  splice  loss  was  O.Q4dll  for  20 
ssaples  of  single-inode  fibers  for  1.0m  m 
use.  In  Region  C.  the  discharge  power  Is 
too  strong.  This  causes  fiber-end  defor- 
aatlon  which  reduces  the  tensile  strength 
at  the  splice  point  after  fusion. 

The  tensile  strength  of  arc  fusion 
spliced  carbon  coated  fibers  was  Measured. 
Figure  6  shows  the  Weibull  distribution  of 
the  splice  strength  for  fibers  A,  I).  and 
C.  A  shows  the  results  for  a  fiber  which 
Is  fusion  spliced  with  Its  carbon  coaling 
In  place.  The  average  splice  strength  was 
as  low  as  0.3k«r.  Carbon  May  Invade  the 
fusion  spliced  points  and  May  degrade  the 
splice  strength.  11  shows  results  Tor  the 
snmc  carbon  coated  fiber  as  A,  hut  which 
Is  fusion  spliced  after  a  cleaning  dis¬ 
charge.  The  average  splice  strength  Is  ns 
high  as  o.okgf,  this  value  Is  coMpntlble 
with  that  Tor  conventional  silica  fiber  C. 

As  a  result,  a  fusion  splicing  tech¬ 
nique  has  been  established  for  carbon 
coated  fibers. 
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a.  Design  concepts  and  test  reaults  for  a 
subwarlnc  cable  using  carbon  coated  fibers 

The  developaent  of  a  non-repeated  sub- 
Mnrine  Cable  with  a  large  nuaber  of  opti¬ 
cal  fibers  has  becoae  necessary  in  order 
to  construct  optical  fiber  links  v  ross  a 
channel.  However,  It  Is  difficult  to  ac- 
eoMMOdate  a  hundred  fibers  In  a  conven¬ 
tional  suhMarlne  cable  struclure,'T,  be¬ 
cause  a  wcldcd-plpc  structure  with  a 
large  dlaMCter  can  not  resist  required 
lateral  pressure.  Recent  technical 
progress  in  carbon  coated  fiber  has  Made 
it  possible  to  design  a  new  one-hundred- 
ftber  subwarlne  cable  with  a  coMpact  and 
econoMlcal  structure.  The  design  concerts 
and  test  results  will  he  described  in  this 
section. 


3.1  Dew I ra  concepts 

The  advantages  of  carbon  coated  fiber 
frOM  the  viewpoint  of  suhMarlne  cable 
design  are  suMMarlxed  In  Table  1.  They 
arc: 

©  Carbon  coated  fiber  can  withstand 
high  strain  levels  over  long  periods  or 
Umc  because  Its  n-value  Is  greater  than 
200,  whereas  that  of  conventional  silica 
fiber  is  20* ** .  Figure  7  shows  calculated 
results  for  «  M/«r  r  dependence  on  the  n- 
value,  where  <a  H  is  the  fiber  strain  In 
proof  tasting  and  a  „  is  the  permanently 
allowable  fiber  strain  in  a  c^ble*"*.  For 
conventional  Tiber.  0  „/o  r  is  about  4. 
then  o  r  Must  be  less  than  0.5\  even  if  « 

».  Is  ns  high  ns  2***“*.  For  carbon  coated 
fiber,  w  „/e  r  is  close  to  1.  then  r  r  can 
be  as  high  as  0.0%  when  o  *  ■  1*. 
Consequently,  a  cable  structure  with  both 
low  tensile  rigidity  and  Initial 
elongation  Is  an  acceptable  structure  for 
carbon  coated  fiber. 


Splice  strength  (kgf) 


Figure  0.  Weibull  distribution  of  the 
splice  strength.  A:  carbon  coated  fiber 
spliced  without  a  cleaning  discharge. 

11:  carbon  coated  fiber  spliced  after  a 
cleaning  discharge. 

C:  conventional  silica  fiber. 


®  For  carbon  coated  fiber,  the  n-value 
Is  constant  In  wet  condl tlons* *  *  and 
pcrMcntton  is  acceptable.  Therefore,  a 
staple  LAP  sheath  structure  Is  sufficient. 
For  silica  fiber,  the  n-value  decreases  in 
wet  conditions' .  Therefore,  perwcatlon 
into  the  fiber  froM  the  sen  Must  be 


Table  1  Advantane*  of 

a  scbaarlnc  cable  using 

carbon  coated  fibers 

Carboa  coated  fiber 

Conventional  fiber 

A 1 lowable  s  train 

0.85  for  15  proofed 

0.55  for  25  proofed 

Hualdlty  perauatlun 

Acceptable 

Not  acceptable 
(  Strength  reduces  ) 

Cable  materials 

Any 

Special  aatcrials 
(  Fr?e  froi  hydrogen 

Uaterli Khtness 

Not  essential 

Essential 
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prevented  by  adopt in*  a  voided  metal  pipe 

structure  with  no  pin-holes.  a. 3  hew  cable  structure 


Carbon  coated  fiber  is  resistant  to 
hydrogen,  therefore  any  economical  cable 
materials  are  acceptable.  On  the  other 
hand,  silica  fiber  is  very  sensitive  to 
hydrogen  and  cable  materials  such  as 
tension  members  and  filling  compounds  must 
be  carefully  selected  so  that  they  will 
not  generate  hydrogen  during  the  lifetime 
of  the  cable. **** 

®  For  a  submarine  cable  using  carbon 
coated  ribers.  water  tightness  is  not 
essential  and  a  simple  cable  structure 
similar  to  that  of  a  land  cable  is 
applicable.  On  the  other  hand, 
watertlg,  ..ness  is  essential  for 
submarine  cables  using  silica  fibers.  When 
the  cable  is  damaged  on  the  sea  bottom, 
sea  water  penetrates  into  the  pressure 
resistant  metal  pipe.  Then,  hydrogen  is 
generated  due  to  metal  corrosion  and 
optical  loss  increases  drastically.  Also, 
fiber  strength  degrades  in  wet  conditions. 
Therefore,  the  cable  must  be  earerully 
manufactured  in  order  to  completely  fill 
the  air  spaces  with  filling  compound1 »*». 
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Figure  7.  o  «•  dependence  on  n- value. 


Table  2  Cable  epeel  flcaUonx 


New  cable 

Conventional 

Fihor 

100 

0 

Allowable 

500a 

8000c 

depth 

Sysioa 

non-repeated 

repeated 

Dlaaotcr 

18a* 

24*a 

Height 

0.3k*/* 

I.  Ikx/a 

A  one-hundred-fiber  cable  is  designed 
taking  advantage  of  the  carbon  coated 
fiber  properties  listed  in  Table  1.  Cable 
specifications  are  listed  in  Table  2 
together  with  that  of  a  conventional 
submarine  cable.  This  is  a  shallow  sea 
cable  for  a  non-repeated  system.  The 
cable  structure  can  he  made  especially 
simple  in  this  case  because  electrical 
power  supply  is  not  required.  The  cross 
section  of  the  new  cable  is  shown  in  Fig. 
i.  Armoring  wires  can  be  incorporated 
acceding  to  need.  Carbon  coated  fiber 
ribbons  are  packed  into  slots  arranged 
helically  on  a  polyethylene  rod. with  a 
center  steel  wire.  A  LAP  tape  sheath  Is 
extruded  over  the  slot.  For  conventional 
submarine  cable  structure,  a  high- 
tenslle-rlgldlty,  compos  1 tc-steel- 
strands-and-weldcd-metal-pipe  structure  is 
Indispensable'* * .  The  new  cable  enabled 
drastic  cost  saving  by  eliminating  the 
composite  structure  without  degrading 
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(A)  New  Cable  Structure 


Compound  tor  Waior 


(8/  Conventional  Cable  Structure 


Figure  8.  Cross  sections  or  (A)  new  and 
(B)  conventional  submarine  optical  fiber 
cable. 
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reliability.  The  new  cnble  can  accommodate 
25  fiber  ribbon*  each  containing  4  fiber*. 
The  new  cable  structure  Is  simple  and 
economical.  The  advantages  of  the  slot 
structure  with  fiber  ribbon*  Include 
great  compactness,  suitability  for  high¬ 
speed  mass  production,  ease  of  fiber 
Identification  and  simultaneous  mass 
spl Icing' .  Mass  splicing  Is  Important 
for  submarine  cables  with  large  numbers 
of  fibers.  This  is  because  it  allows  a 
broken  cnble  to  be  repaired  within  24 
hours,  which  Is  necessary  beenuse  ti,«  sea 
condition  Is  unstable. 


3.3  Test  results 

One  kilometer  of  the  new  cable  was 
manufactured  and  the  cnble  characteristics 
were  examined.  Single-mode  optical  Tiber* 
for  1.3*  m  use  were  used  In  the  cnble. 
Conventional  silica  fiber  ribbons  and 
carbon  coated  fiber  ribbons  were  packed 
Into  slots  for  comparison. 

Optical  losses  at  each  stage  of  the 
manufacturing  process  were  measured.  The 
losses  remained  unchanged  during  the 
cabling  process  at  both  1.3*  m  and  1.55*  m 
wavelengths  ns  shown  In  Fig. 9. 

A  tensile  test  wrs  conducted  using  a 
150  m  length  of  the  cnble.  The  cable 
tension  dependence  of  the  cable  strain  was 
measured  by  monitoring  the  phase  shift 
change  or  the  optical  pulses.  In  this 
test,  fiber  ends  wore  fixed  to  the  cnble 
ends.  Figure  10  shows  the  test  results 
together  with  optical  loss  changes  duo  to 
stretching.  The  residual  fiber  strain 
after  0.5%  elongation  was  about  0.00%. 
This  strain  value  Is  far  smaller  than  the 
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Figure  9.  Optical  losses  In  cabling 
process,  a:  carbon  coated  fiber.  b:fiber 
ribbon.  C:  slot  d:  cable 
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Figure  10.  Tensile  test  results  of  the 
new  cable. 
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Figure  11. Hydraulic  pressure  test  results. 


allowable  permanent  strain  of  carbon 
coated  fiber.  The  loss  changes  were  less 
than  the  measuring  accuracy :±  O.Oldll. 

Optical  loss  changes  due  to  hydraulic 
pressure  were  measured.  A  200m  length  of 
the  cubic  was  set  In  a  pressure  vessel 
with  the  ends  out  of  the  vessel  and 
hydraulic  pressure  was  applied.  An  800m 
fiber  loop  was  made  by  splicing  fibers  and 
the  wavelength  dependence  of  the  optical 
losses  was  measured  at  Oatm  ,  25ntm  and 
50atm.  Figure  11  shows  the  experimental 
results.  Optical  losses  were  stable  at 
both  1.3*  m  and  1.55*  m  wavelengths. 
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Opticnl  loss  changes  due  to  water 
penetration  wore  measured,  The  steel 
wire  in  the  center  or  the  enble  nml  the 
aluminum  tnpc  or  the  LAP  sheath  were 
connected  electrically  nnd  the  cubic  wns 
sec  In  n  pressure  vessel.  Wntcr  nt  n 
pressure  or  SO  atmospheres  wns  applied  to 
the  vessel  nnd  the  temperntnre  wns 
uni n tnlned  nt  3Q‘C  .  The  wavelength 
dependence  or  opticnl  losses  were  monsurod 
nrtor  1  month.  For  conventional  slllcn 
fiber,  hydrogen  Induced  optical  loss 
increase  wns  detected  ns  shown  in  Mg.  12. 
For  carbon  coated  Tiber,  the  wavelength 
dependence  or  rjic  opticnl  lossos  was 
Identical  to  that  ho  Tore  the  water 
penetration  test.  Tlie  hydrogen  resistance 
or  the  carbon  coated  Tlbcrs  is  proved  la 
practical  conditions. 

Furthermore,  S(|iiee‘/.ing  tests  ,  bending 
tests,  lateral  pressing  costs  and  thermal 
costs  wore  conducted.  The  test  results  are 
summarized  in  Table  3  and  prove  the 
excellent  perrormnnee  ol  the  cable. 


Wavelength  (nm) 


4.  Conclusion 

New  technologies  Tor  carbon  coated 
optical  Fibers  are  developed  Tor  tlie  First 
time.  They  are; 

CD  A  hermetically  coated  Fiber  Is 
obtained  whose  Initial  Failure  strength  Is 
compatible  with  conventional  silica 
Fiber. 

<2>  A  dircet-core-monl coring  Fusion 
splicing  method  For  carbon  coated  Fiber  Is 
developed. 

based  on  this  technical  progress, 
carbon  coated  Fiber  shows  great  potential 
For  practical  application.  Consequently, 

(3)  A  new  type  oF  submarine  cable 
containing  one  hundred  carbon  coated 
Fibers  Is  proposed  nnd  developed. 

The  advantages  oF  hermetically  coated 
Fiber  wns  examined  nnd  Hilly  utilized  In 
the  cable.  The  now  cable  has  many 
advantages  Including  high-rellnblllty, 
compactness,  case  oF  Fiber  Idoutl ricntiou, 
simultaneous  mass  splicing  and  drastic 
cost  saving.  Test  results  revealed 
excellent  optical  and  m  o  c  h a  u I c  a 1 
properties  nnd  demonstrated  the 
possibility  For  practical  application  In 
non-repen ted  submarine  systems. 
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POST-MORTEM  FAILURE  ANALYSIS  OF  OPTICAL  FIBER  CABLES 


H.H.  Yuce,  A.  DeVito,  C.  J.  Wieczorek  W,T.  Anderson,  J.P.  Varachl,  Jr.,  P.E. 

Bell  Communications  Research 
Morristown,  New  Jersey  07960-1910 


S.UMMABY 

This  piper  documents  Utrec  different  post-monem  analyses  of 
optical  fiber  cables  lint  caused  system  failures.  Tlie  first  case  was 
on  an  optical  fiber  cable  dial  contained  fiber  breaks.  Examination  of 
uic  fiber  coating  and  fracture  surfaces  revealed  tliai  die  mechanism 
for  these  low  strength  fiber  breaks  was  most  probably  surface 
damages  introduced  during  die  fiber  drawing  process.  The  second 
analysis  documents  a  service  failure  caused  by  a  combination  of  fire 
damage  and  a  very*  cold  temperature.  Tlte  examination  reseated  dial 
the  extreme  heat  had  not  only  caused  extensive  damage  to  the 
external  duct  and  cable  sheath  but  also  core  components  of  die 
optical  fiber  eablc.  Although  die  buffer  tubes  were  deformed,  die 
fibers  kept  dicir  mechanical  integrity.  The  last  case  was  an 
examination  of  an  optical  cable  w  hich  failed  in  an  above  ground 
closure.  The  cable  failure  was  caused  by  a  combination  of  a  broken 
central  strength  member  and  low  temperatures. 


1.0  INTRODUCTION 

In  a  rolalivoly  short  timo,  fiber  optic  technology  has  mado 
rapid  strides  Irom  a  stato  ol  sheer  laboratory  curiosity  to  a 
multitude  ol  technically  and  economically  successful 
commercial  systems  extending  to  all  major  areas  ol 
communication''  "insors,  and  signal  processing  applications. 
Optical  V  yiiticant  advantages  for  point  to  point 

commt  .o  compared  to  metallic  modia.  Those  advantages 
Include  largo  bandwidth,  low  transmission  losses,  a  physically 
small  cross  section,  and  freedom  from  electromagnetic 
Interference.  The  large  communication  capacity  of  an  optical 
fiber  cable  carries  with  it  a  concomitant  requirement  for  high 
reliability.  The  mechanical  reliability  of  such  a  cable  and 
fiber  depends  upon  the  stresses  and  the  environment  to  which 
the  fibers  are  exposed.  Although  glass  fibers  are  inherently 
very  strong,  the  presence  of  small  flaws  can  load  to  largo 


stronglh  reductions.  In  addition,  such  flaws  can  actually 
increaso  in  sizo  due  to  stress  inducod  reactions  with  chemical 
species  in  the  environment,  a  process  known  as  static  latiguo. 
Somo  Investigators  havo  shown  that  fiber  strength  can 
decroaso  with  no  applied  stross  if  soaked  In  higher 
temperature  v.ator  and  somo  common  chemicals.  ’>2  There  oro 
numerous  opportunities  to  generate  flaws  during  the 
manufacture  of  glass  fibers  especially  during  tho  drawing  and 
coating  operations. 3  Further  reduction  ol  liber  strength  may 
occur  during  cabling,  deploying,  or  handling  such  as  splicing 
or  connectorization.  4>5 

The  long  term  reliability  of  tho  communication  modia  is 
critical  in  assuring  tho  long  term  performance  of  such 
systems  over  their  design  lifetimes.  In  addition,  as  optical 
fibers  are  introduced  for  newer  applications  and  often 
harsher  environments  (from  long  distanco  transmission  to 
subscriber  loops  and  customer  promises  installations) ,  it  is 
Important  to  understand  phenomena  which  can  dogrado  their 
performance,  as  well  as  explore  moans  by  which  those 
degradation  effects  can  bo  overcome. 

Today,  the  maximum  age  ol  installed  cables  aro:  10  years  for 
multimode  ( 6  years  average)  and  5  years  for  single  modo 
(2-3  years  average).  At  tho  end  of  1988,  thoro  wero  4.7 
Million-fiber  km  (95%  interoffice,  5%  feeder)  in  tho 
ground.  At  first  gianco,  2  to  1 0  years  of  experience  with  this 
now  optical  medium  may  seem  reassuring,  but  we  have  groat 
expectations  for  the  longevity  of  cables.  Because  the  cost  of 
Installing  and  splicing  theso  cables  may  approach  or  exceed  tho 
cost  of  tho  cable  itself,  an  expectation  of  a  40  year  service  iifo 
is  not  unreasonable.  Our  limited  experience  with  optical 
cables  does  not  yet  support  this  expectation.  As  with  any  new 
technology,  each  field  failure  presents  us  with  an  opportunity 
to  learn  unanticipated  modes  of  failure,  and  hopefully!  the 
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study  ol  such  failures  may  ultimately  lead  to  Improvements  in 
fiber  and  cable  design  and  testing. 

To  dale,  approximately  1900  fiber  outages  have  been  reported 
6  to  Bellcore,  and  most  of  these  were  caused  by  dig  ups  or 
natural  catastrophes.  However,  the  precise  cause  of  many  ol 
these  outages  could  not  be  determined.  Occasionally,  when  the 
cause  ol  an  outage  is  not  understood,  Bellcore  Is  asked  to 
Investigate.  We  have  studied  the  cablo  or  fiber  remnants  from 
25  field  failures  to  date.  Some  of  these  cases  can  be 
summarized  as: 

•  Broken  fibers  during  installation 

•  Broken  fibers  after  installation  (cables  and  splice  cases) 

•  Fire  damage 

•  Lightning  damage  to  cables  (both  In  duct  and  directly  burled) 
-Steam  damage 

-  Hydrogen  in  submarine  cable  7.8 

•  Jacket  failure  during  Installation 

In  this  paper,  we  present  several  ‘post  morlont"  analyses  In 
detail  and  doscribo  what  wo  have  learned  from  them. 

3LQ.BRQKEN.F1BER5  AMR  INSTALLATION 

2.1  Introduction 

In  October  1984,  a  16  fiber  optical  cable  was  installed  in  a 
1  1/4  Inch  Inner  duct,  in  an  underground  conduit  system.  Tho 
cable  which  connected  two  central  offices  was  15,326  feel  In 
length  and  had  been  placed  in  one  continuous  pioco  In  8 
separate  pulling  operations  utilizing  seven  'figuro  eights'.  Tho 
cable  was  shipped  with  one  broken  fiber.  After  Installation, 
splicing,  and  testing  four  additional  broken  fibers  wore 
delected.  Four  transposition  splices  were  made  to  recover  four 
of  the  fibers.  In  August  1988,  an  increase  In  attenuation  In 
one  fiber  in  this  cable  caused  a  system  failure.  When  the 
system  failure  occurred,  transmission  was  switched  to  a 
protection  fiber,  which  was  the  last  available  good  fiber  in  the 
cable.  As  a  result,  two  replacement  cable  sections  were 
Installed  to  replace  the  portion  of  the  cable  containing  the 
transposition  splices.  In  Novomber  1988,  the  defective  cable 
sections  containing  the  broken  fibers  were  shipped  lo 
Bellcore's  facility  in  Morristown,  N.J.  so  that  the  authors 
could  conduct  a  post-mortem  examination. 

2.2  Initial  Inspection 

A  high  resolution  OTDR  was  used  to  observe  the  condition  of 
each  fiber  and  to  verify  that  no  additional  damage  had  occurred 


during  the  removal  process.  Our  Initial  findings  matched  the 
Information  received  from  tho  field  which  Indicated  that  a 
break  in  fiber  15  caused  the  system  failure. 

Upon  completion  of  all  the  Initial  measurements  which  located 
the  fiber  breaks,  the  authors  examinod  the  cables  further  to 
determine,  H  possible,  the  causes  for  the  fiber  failures.  The 
location  of  each  fiber  break  was  determined  from  each  end  cl 
the  sample  cable  and  comparing  the  added  length  to  the  longth 
of  an  unbroken  reference  fiber  and  the  length  determined  from 
tho  cablo  footage  markings.  The  cablo  was  cut  30  motets 
beyond  the  break,  and  measurements  wero  taken  to  rovetify 
the  precision  of  the  OTOR  by  measuring  tho  actual  length  of 
removed  cablo.  Using  the  footage  markings,  the  cabta  was  cut 
approximately  7  meters  beyond  tho  cablo  break.  A  helium  noon 
laser  was  connected  to  fiber  15  in  order  to  assist  in  locating 
tho  break.  Alt  sheath  and  core  wrap  over  the  fibers  were 
removed  in  short  pieces  until  the  fiber  break  was  dearly 
observed  by*  the  presence  of  the  lasor  light.  The  end  faces  of  the 
fibers  were  approximately  1/8  inch  apart.  The  fibers  were 
removed  from  the  cable  and  upon  further  examination  it  was 
r«tod  that  the  coating  on  fiber  15  appeared  to  have 
disintegrated.  An  examination  of  the  sheath  and  core  materials 
in  the  area  of  the  break  did  not  bid'cato  any  defects  which  may 
have  caused  tho  fiber  break. 

During  the  cable  examination  a  sheath  repair,  approximately 
1 1/16  Inches  In  diameter  and  7 1/2  Inches  long,  was 
discovered.  The  region  of  the  jacket  that  had  boon  ropairod  was 
examined,  and  it  was  noted  that  there  was  an  area  1/8  inch  x 
1/4  inch  that  was  void  of  jacket  material,  oxposlng  the 
corrugated  armor.  A  section  of  cable  approximately  1 0  foot 
long  was  removed  for  further  analysis,  which  will  be 
presented  taler  In  Sec.  2.3.1. 

An  attempt  was  now  made  to  locale  the  defect  in  fiber  12.  The 
process  described  above  was  employed  and  it  was  observed 
that  fiber  12  was  broken  with  the  end  faces  separated  by 
approximately  1/8  Inch.  The  sheath  and  core  components  were 
Intact  and  did  not  contribute  lo  the  fiber  break.  Fiber  12  was 
removed  from  the  cable  and  initial  examination  revealed  no 
unusual  bubbles  or  other  coating  defects  as  had  been  noted  on 
fiber  15.  The  second  cable  sample  containing  the  break  in 
fiber  10  was  located  and  the  fiber  was  exposed  following  the 
procedure  outlined  above.  After  gaining  access  to  fiber  10,  it 
was  observed  that  here  again,  the  fiber  was  broken  with  its 
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«od  faces  separated  by  approximately  1/8  Inch.  An 
examination  of  the  cable  showed  no  Imperfections  which  may 
have  contributed  to  the  fiber  failure. 

2.3  Failure  Analysis  of  Cabte  and  Fibers 
2.3,1  Cable  Analysis 

The  cable  sheath  damage  area  was  examined  to  determine  the 
cause  of  the  jacket  failure.  The  cable  sample  was 
systematically  dissected  to  ascertain  the  effect  of  the  jacket 
failure  on  the  cable  core,  and  to  resolve  any  connection  with 
the  failure  of  fiber  15, 28  feet  from  this  point.  The  breach  In 
the  cable  jacket  was  oval  in  configuration  and  measured 
approximately  t/8  x  1/4  inch  (see  figure  1).  The  corrugated 
armor  was  visible  and  the  polymer  coating  on  the  armor,  was 
lor  the  most  part  absent. 

The  absence  of  corrosion  on  the  unprotected  armor  can  be 
attributed  to  the  excelent  field  repair  of  the  cable.  The  jacket 
in  the  arei  around  the  hole  had  a  sheen  typical  of  th  observed 
on  jacket  specimens  that  were  subjected  to  tensile  and 
elongation  testing.  The  inside  of  the  jacket  did  not  show  any 
imperfections  except  for  the  hole.  Examination  of  the  armor 
revealed  that  the  armor  was  spliced,  and  the  splice  was  almost 
directly  berr  »th  the  jacket  hole.  The  armo'  splice  was 
mechanically  Intact,  and  it  appeared  to  have  been  fabricated 
following  good  commercial  practice.  The  corrugations  did  not 
show  any  imperfections,  and  as  expected;  the  polymer  coaling 
in  the  splice  area  was  not  on  the  armor  because  It  was 
removed  In  preparation  for  welding.  The  cable  was  not 
stretched  beyond  the  point  of  recovery  In  the  area  of  interest. 
This  was  verified  by  a  measurement  comparison  of  the 
corrugation  pitch  in  tho  section  examined  with  another  section 
of  the  cablo.  The  core  components  and  fibers  were  not  damaged 
which  indicated  that  the  break  ol  fiber  1 5  was  Independent  of 
the  Jacket  delect. 

Based  on  the  visual  examination  or  jjfl  hole  In  the  jacket  and 
the  absence  ol  any  markings  on  the  exposed  armor,  ft  Is  highly 
unlkely  that  the  jacket  hole  was  made  during  cable 
Installation.  In  the  authors'  opinion,  the  hole  In  the  jacket  Is 
not  the  result  of  Installation  damage,  but  a  manufacturing 
delect.  One  possible  scenario  Is  that  the  spliced  armor  was 
cleaned  with  a  solvent  prior  to  joining,  and  the  residual 
solvent  left  on  the  armor  vaporized  when  the  extruded  hot 
polyethylene  came  In  contact  with  the  armor.  The  vapor  was 
trapped  between  the  armor  and  the  jacket.  The  Jacket  ruptured 


from  the  gas  pressure  and  the  remaining  jacket  material 
contracted  and  adhered  to  the  armor  when  It  cooled. 

2.3.2  Fiber  Analyala 
2 .3.2.1  Experimental  Procedure 
In  order  to  identify  the  failure  mechanisms  of  the  broken 
fibers,  five  different  types  of  tests  were  performed: 
Fractooraohic  Analysts.  Both  faces  of  the  broken  fibers 
(fibers  to,  12,  and  15}  were  examined  under  a  scanning 
electron  microscope.  The  protective  polymer  coating  on  the 
libers  was  removed  in  the  vicinity  of  the  break  by  using 
chemical  stripping.  The  fiber  ends  were  carefully  cleaned  by 
soaking  the  fibers  In  acetone  lor  a  short  period  of  time  to 
remove  dirt  and  cable  filling  compound.  The  fracture  surfaces 
were  coated  with  a  gold  deposit  of  10-20  angstroms  thick,  and 
then  examined  under  a  scanning  electron  microscope.  Any 
particles  or  inclusions  present  on  the  fracture  surface  were 
identified  with  the  help  of  energy  dispersion  x-ray  analysis. 
Deled  Analysts  •  In  order  to  Identify  delects  on  the  coating, 

'he  fibers  were  examined  under  a  stereo  microscope. 

Dynamic  Tensile  Strength-  The  strength  tests  were  performed 
on  a  screw  driven  universal  tensile  tosting  machine  with  a 
measurement  accuracy  of  iO.1  N,  In  n  laboratory 
environment  of  22*  C  12*  C  and  relative  humidity  of  45% 

15%.  Samples  were  grlppod  on  10  cm  (4  Inches)  diameter 
capstans  covered  with  a  soft  elastomeric  sleeve.  Masking  tape 
was  used  to  hold  the  fiber  samples  securely  on  the  capstans. 
Tensile  strength  was  determined  at  a  strain  rato  of  5%/mIi.. 
with  a  gage  length  of  50  cm  (19.6  Inches), 
laa-aaim  Bcnriing.Slfcngih  (Dynamic):  Using  the  dynamic 
two-point  bending  method  9  (see  figure  2)  fiber  strength  was 
measured.  This  technique  is  especially  useful  If  there  Is  a 
problem  In  handling  the  fiber,  for  example,  whon  the  coating 
Is  defective  or  damaged.  The  tost  consists  of  bending  a  fiber 
sample  180*  between  two  parallel  Jaws  which  are  driven  at 
such  a  velocity  that  the  stress  rate  at  the  tip  of  the  fiber  bend 
remains  constant.  The  fiber  Is  bent  to  a  continuously  smaller 
radius  until  It  eventually  fractures,  and  by  measuring  jaw 
separation  at  the  Instant  ol  fracture,  the  fiber  strength  can  be 
determined. 

Stripping  Test  -  The  stripping  force  of  the  coating  was 
measured  using  a  commercial  stripping  tool  mounted  on  a 
screw  driven  universal  tensile  testing  machine.  The  gage 
length  of  the  stripped  section  was  3  cm  (1.2  inches)  and  the 
test  was  conducted  at  the  rate  of  50.8  cm/min  (20 
inches/min). 
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2.5.3  RmuHi  and  Discussion 
Ftoer  1  o,  which  failed  at  shaath  footage  marker  94 1 S,  was 
carefully  examined  around  the  breakage  area.  Tha  coating 
showed  no  sign  of  damage  or  defect.  Based  on  tha  fractegraphic 
analysis 10  (see  figure  3),  this  fiber  failed  at  27,000  psl.  As 
seen  In  figure  3,  there  are  a  couple  of  possible  locations 
where  a  flaw  could  have  started.  Fiber  12,  which  failed  at 
sheath  footage  marker  12072,  was  examined  around  the 
breakage  area  under  a  stereo  microscope.  The  coaling  did  not 
show  any  sign  of  defects  or  damage.  Based  on  the  fractograph'c 
analysis  of  fiber  12  (shown  In  figure  4),  H  failed  at  32,000 
psl.  The  boundaries  of  the  mirror  or  mist  region  are  shaped  in 
the  form  of  a  circular  arc 1 '.  The  flaw  where  the  fracture 
originated  is  located  at  the  center  of  this  imaginary  arc,  as 
seen  in  figure  4.  Based  on  the  scanning  electron  microscope 
analysis,  the  cause  of  this  low  strength  failure  was  probably 
due  to  an  abrasivo  surface  scratch.  Tho  surface  of  tho 
proform  or  the  fiber  may  have  boon  scratched  by  contact  with 
other  surfaces,  e.g.,  the  top  seal,  the  bottom  furnace  door  or 
the  coating  applicator.  Sometimes  small  fiber  fragments  can 
be  left  In  the  coating  applicator  during  start-up  operation; 
these  fragments  can  subsequently  scratch  the  fiber.  A  severe 
abrasion  against  the  bottom  furnace  door  can  causo  the  fiber  to 
have  extremely  low  strongth.  Some  of  tho  factors  which  can 
contribute  to  surfaco  scratches  of  this  typo  are  poor  preform 
handling  and  transport  procedures,  crooked  proiorms, 

Impropor  preform  centering,  and  poor  fiber  draw  towor 
alignment. 

Fiber  15,  which  failed  at  shoath  footago  marker  13000,  was 
examined  around  the  broakago  area  under  a  sloroo  microscope. 
Botweon  shoath  footago  markers  12993  and  13007  coating 
dofects  wore  observed  as  shown  in  figures  5-6.  Within  this 

14  loot  distance,  fiber  15  had  apparently  experienced 
difficulties  In  tho  coating  application  procedure.  Figure  5 
shows  tho  physical  ovidonco  of  Irregularities  In  tho  thickness 
of  the  coaling.  In  this  figure  fiber  14  Is  also  shown  for 
comparison.  This  fiber  was  In  the  same  cable  unit  with  fiber 

15  and  did  not  have  any  sign  of  dofects  within  the  length  of 
fiber  that  was  analyzed.  In  some  areas  of  fiber  15  the  coaling 
ihicknoss  Is  so  thin  that  the  glass  fiber  Is  directly  exposed  to 
the  environment  (figure  6).  Eccentricity  of  the  coaling  can 
also  be  observed  In  figure  6.  At  many  locations  bubbles  were 
observed  in  tho  coating  and  in  some  cases  these  bubbles  caused 
local  holes  in  the  coating. 


Becaus*  fiber  15  exhibited  coating  problems  and  there  was  a 
defect  In  the  cable  jacket  28  feet  away  from  the  failure  poim, 
further  investigations  were  conducted  on  fibers  In  the  same 
unit  (unit  4)  of  sample  one,  between  sheath  footage  markets 
12977  and  13260.  The  fibers  In  this  unit  are  designated  as 
fibers  13, 14,  is,  and  16.  The  typo  of  tests  that  were 
conducted  on  all  four  fibers  are  summarized  In  Table  1. 

Figure  7  shows  the  strip  test  results  for  these  four  fibers 
between  sheath  footage  markers  12994  and  12996.  Fiber  IS 
had  a  33%  lower  stripping  force  compared  to  fiber  13  and  a 
42%  reduction  compared  to  fiber  14.  As  mentioned  earlier, 
this  location  Is  4  feet  away  from  the  breakage  point,  where 
fiber  15  had  defects  in  the  coating.  Figure  8  summarizes  the 
stripping  test  results  for  fiber  15  at  7  different  locations, 
between  sheath  footage  markers  12977  and  13260,  including 
the  area  of  defective  coating.  The  dynamic  tensile  lest  results 
lor  alt  fibers  are  summarized  in  figure  9.  As  summarized  In 
Table  1  strength  test  results  for  fiber  1 5  do  not  cover  the 
defective  coating  area.  As  shown  In  figuro  6,  coating 
irregularities  mado  it  Impossible  to  grip  tho  samples  around 
the  capstans.  Therefore,  tensile  strength  tests  could  not  be 
conducted  at  the  defective  coating  zone.  Within  the  shoath 
footage  markers  that  the  fibors  from  the  same  unit  were 
tested,  fiber  15  showed  the  lowest  mean  strength.  There  ere 
three  mechanisms  which  can  lower  the  fiber  strength:  (a) 
lower  adhosion  between  glass  fiber  and  coating;  (b)  higher 
water  permoation  (oven  though  all  four  fibers  have  exactly 
the  same  coating,  different  colors  o.*  dying  procedure  could 
affect  tho  coating  properties);  (c)  different  preform.  Tho 
two-point  bending  tost  was  done  at  tho  defective  coating 
location  (sheath  footage  markers  12996  through  13007)  and 
non-defective  zone  (around  sheath  footage  marker  13260). 

The  results  are  summarized  in  figure  10.  Since  effective  gage 
length  Is  only  0.5  mm  (0.02  Inches),  the  probability  of 
measuring  a  fiber  sample  containing  a  flaw  is  very  small  and 
consequently  the  results  tend  to  bo  uniform  and  unimodal  as 
was  the  case  In  tho  non-defective  coating  aroa  (see  figure  10). 
The  bi-modal  distrbution  of  strength  In  the  defective  coating 
zone  was  duo  to:  a)  tho  glass  fiber  exposed  to  tho 
environment  and  probably  damaged  after  it  was  manufactured 
(during  handling,  shipping,  cabling,  etc.)  and'or  b)  lack  of 
coating  protection  which  will  accelerate  crack  growth  during 
testing.  Both  ends  of  the  fractured  fiber  15  were  examined  In 
a  scanning  electron  microscope.  The  fracture  surfaces  did  not 
show  any  ‘mist"  and  'hackle'  regions.  All  of  the  surface  was 
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■  mirror  vu  which  wu  due  to  a  very  low  siring th  fxilur*.  A 
fracture  below  24,500  pel  ( tor  1 25  pm  glass  diameter)  wW 
be  mostly  the  mirror  area  and  will  not  display  other  features. 
Sine*  this  failure  happened  47  months  after  the  fiber  was  put 
into  service,  it  appears  that  a  tow  stress  static  fatigue 
mechanism  was  the  main  reason  of  this  failure.  In  figure  1 1 , 
possMe  flaw  starting  zones  can  be  seen  from  a  different  angle. 
Figure  1 1  else  shows  the  damaged  fiber  surface  which  was 
probably  caused  during  manufacturing  as  explained  for  fiber 
12,  or  by  handling  of  the  fiber  in  preparation  lor  cabling 
because  of  defective  coating. 

3JL.EWLQAMAGE 

3.1  Introduction 

In  this  case  several  weeks  prior  to  the  failure,  a  section  of  a 
fiber  optic  cable  was  damaged  by  a  fire.  A  combination  of  fire 
damage  and  a  very  cold  night  led  to  the  ultimate  system  failure. 
The  cable  route  was  almost  exclusively  In  duct  and  connected 
the  downtown  central  office  with  a  suburban  office.  The 
section  of  the  cable  which  the  operating  company  determined 
to  have  caused  the  failure  was  suspended  under  a  bridge  which 
crossed  railroad  tracks.  This  eight  fiber  cablo  carried  one 
working  systom,  using  libers  1  and  2,  with  a  one-to-one 
protection  provided  on  fibers  a  and  4.  Fibers  5  and  6  were 
unused,  and  fibers  7  and  S  continued  to  another  town  with 
protection  provided  on  another  route.  On  the  evening  of 
December  17,  a  small  frame  building  dose  to  the  tracks  and 
very  close  to  the  bridge  caught  firo  and  burned  to  the  ground. 
This  fire  lead  to  immediate  trouble  reports  for  many  of  the 
circuits  carried  by  plastic  insulated  copper  cablos,  which 
were  placed  immediately  adjacent  to  the  fiber  cable,  but  the 
fiber  cable  continued  to  function  during  and  aftor  the  fire.  On 
the  evening  of  December  30,  which  was  reportedly  one  of  the 
coldest  nights  ol  the  winter  to  that  point,  the  working  405 
Mbit  system  on  fibers  1  and  2  switched  to  protect.  Service  was 
transferred  to  fibers  5  and  6  at  lhat  time.  On  the  evening  of 
January  7,  which  was  also  very  cold,  tho  protect  circuit  on 
fibers  3  and  4  went  out,  and  sovcral  hours  later  the  systom  on 
fibers  7  and  8  also  failed.  That  evening,  an  emergency 
restoration  was  performed  by  splicing  in  a  temporary  cable 
section  which  was  placed  on  top  of  the  bridge  in  a  plastic 
conduit.  A  permanent  restoration  had  been  planned  since  tho 
fire,  involving  a  now  and  somewhat  longer  route  which  did  riot 
use  this  bridge. 


Since  this  cable  carried  a  targe  amount  of  traffic  Including  a 
number  of  special  circuits,  there  was  concern  that  an  abrupt 
falkire  caused  by  the  tire  could  have  been  disastrous,  and  a 
better  understanding  of  why  the  cable  failed  some  two  weeks 
after  the  first  damage  was  desired.  The  cable  was  housed  in  a 
heavy  cement-coated  papa  conduit  which  was  damaged  but 
mostly  intact.  Inside  the  conduit  was  polyethylene  innerduct, 
which  had  been  heated  sufficiently  by  the  fire  to  deform.  Some 
sections  of  the  corrugated  cable  shoath  could  be  seen  exposed 
through  gaps  in  the  conduit  and  the  innerduct  and  cable  sheath. 
The  external  examination  indicated  that  the  cable  exterior  had 
been  extensively  damaged  by  the  fire  over  approximately  a  20 
foot  section.  The  restoration  had  been  performed  between  an 
existing  splice  point  in  a  manhole  several  hundred  feet  north 
of  the  bridge  and  another  point,  which  was  not  origtoaHy  a 
splice  point,  several  hundred  feet  south  of  the  bridge. 

3.2  Initial  Inspection 

A  shod  wavelength  (850  nm)  OTDR  was  used  because  of  its 
very  high  resolution  (approximately  10  meters).  A  launch 
spool  of  approximately  1  km  of  single-mode  fiber  was  spliced 
between  the  OTDR  and  the  test  fiber.  All  eight  fibers  were 
measured  from  the  north  end  ol  the  cable.  AN  eight  wero 
continuous  between  the  two  ends,  and  the  cable  section  was 
measured  to  be  approximately  530  meters  tong.  Seven  of  the 
eight  fibers  demonstrated  Increased  attenuation  In  the  vicinity 
of  the  fire  damage,  with  the  850  nm  attenuation  increases 
ranging  between  2  and  3  dB.  The  eighth  fiber  had  no  increased 
attenuation  In  the  vicinity  of  the  fire  damage. 

The  damaged  cablo  was  received  In  Morristown  in  late 
February  1988.  Tho  cablo  was  transported  on  a  reel,  and  OTDR 
measurements  were  takon.  All  fibers  wero  continuous,  and  tho 
attenuation  increases  duo  to  the  firo  damago  ranged  from  0  to  3 
dB.  Once  OTDR  measurements  had  confirmed  that  no  additional 
damage  has  resulted  from  the  removal  and  transportation  of 
the  cable,  the  13  meter  damaged  section  was  dissected.  The 
high  density  Innerduct  had  melted  and  bonded  to  the  cable 
sheath  over  most  of  this  length  and  was  extremely  difficult  to 
remove.  Considering  this,  it  was  decided  to  examine  smaller 
sections  of  the  cable.  Three  one  foot  sections  were  removed  one 
from  each  end  and  the  middle  of  damago  area.  The  following  is 
a  discussion  of  what  was  observed  as  a  result  of  tho 
examination  of  tho  cores  of  each  ono  of  tho  samples. 
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3.3  Failure  Analysis  of  Cable  and  Flbare 

3.3.1  Cabla  Analytic 

Sa'seitfL 

Upon  axamViation  ol  sample  #1,  It  was  noted  that  the  cable's 
outer  jacket  and  the  high  density  Innetduct  had  melted  together 
and  became  one.  The  liter  tubes  had  also  flowed,  and  an 
examination  ol  the  sample's  cross-section  revealed  that  tho 
steel  central  strength  member  had  migrated  down  and  was 
resting  upon  the  corrugated  steel  armor  (Seo  Figure  12).  Tho 
complete  removal  ol  tho  cable  sample  from  the  innerdoct,  at 
this  point,  would  be  Impossible.  Tho  only  way  to  examine  any 
damage  which  may  have  occurred  to  tho  core  components  was  to 
remove  the  steel  central  strength  member,  via  the  sample 
end,  then  carefully  remove  both  the  blue  and  orange  butter 
tubes  using  the  same  technique.  This  was  successfully 
accomplished.  The  butter  lubes  were  removed  Intact  and  the 
fibers  were  extracted.  Upon  examination  at  fibers  appoared 
to  be  In  good  condition,  maintaining  original  appearance  in 
both  coating  and  color.  It  should  be  noted  that  all  fibers  wero 
easily  removed  Irom  the  butter  tubes.  Examination  of  tho 
buffer  tubes  revealed  that,  although  tho  outsldo  polymer 
matorlal  had  maintained  Its  original  appcaranco,  tho  inner 
nylon  Jacket  of  tho  butter  tubes  had  crystallized  and  becomo 
hard  because  of  the  oxposuro  to  tho  host.  Tho  buffer  lubes 
contained  ‘flat"  spots  along  their  length  which  prompted 
further  examination.  After  further  Investigation  H  was 
concluded  that  the  'flat*  spots,  which  occurrod  along  tho 
length  of  buffer  tube,  wero  caused  by  the  softening  of  tho  cable 
core  components  during  tho  tiro,  resulting  in  their  gradual 
downward  movement,  thereby  exerting  prossure  on  tho  tubes 
by  tho  stool  central  strength  member. 

Samdfi.12 

This  samplo  appeared  to  havo  boon  exposed  to  slightly  lower 
temperatures.  Only  a  portion  ot  tho  outer  sheath  had  flowed 
and  adhered  to  the  Innerduct.  The  entire  cable  sheath  and 
Innerduct  had  not  becomo  one  as  tn  the  previous  sample.  One 
halt  ot  the  Innerduct  was  cut  away  to  expose  the  cable  and  It 
was  Immediately  noted  that  the  cable  identification  and  length 
markings  were  unchanged  In  their  appearance.  The  outer 
sheath  ot  sample  #2  was  removed,  followed  by  the  stool 
armor.  Oue  to  the  olfects  of  the  extreme  heat  It  appeared  that 
the  inner  jacket  had  softened  and  adhered  to  tho  steel  armor  in 
spots  and  had  also  split  because  ol  the  flowing  of  the  jacket 
around  the  ripcord.  Also,  because  ot  tho  temperature 
extremes,  the  kovlar  layer  adhered  to  the  inside  of  tho  Inner 
jacket  preventing  its  easy  removal.  After  exposing  the  cable 


core,  H  was  observed  that  the  filler  tubes  had  softened  and 
flowed  In  this  samplo  also.  Examination  of  the  butter  tubes 
revealed  that  although  they  appeared  to  be  In  original 
condition,  the  inner  nylon  jacket  had  crystalfizod  and  become 
hard  similar  to  what  was  observed  in  sample  at.  The  ‘flat* 
spots  that  had  been  observed  In  sample  at  wero  not  noted 
here.  The  fibers  were  easily  removed  from  tho  buffer  tubes 
and  appeared  to  be  in  original  condition. 

Sample  >3 

The  final  cable  sample  was  removed  and  examined.  Upon 
inspection,  no  damage  to  the  outer  sheath  was  noted  and  all 
cable  identification  and  length  markings  wore  in  original 
condition.  The  inner  jacket  was  removed  and  examined.  The 
flooding  compound  remained  Intact  and  the  steel  armor 
retained  its  original  appearance.  Tho  Inner  jacket  also  rotalnod 
Its  original  oppearanco  with  no  evidence  of  softening.  The 
butter  tubes  appeared  to  havo  retained  their  original 
appearance  but  upon  further  investigation  it  was  noted  that  the 
Jacket  on  the  steel  central  strength  member  had  sohoned  and 
started  to  flow  causing  the  butter  tubes  to  adhere  to  it.  It 
should  be  noted  that  the  butter  tubes  were  not  deformed  at  this 
point  along  the  span  of  cable.  Examination  of  the  butter  tubes 
found  that  just  as  In  samples  #t  and  *2.  the  inner  nylon 
jacket  had  crystallized  and  becomo  hard.  No  'flat*  spots  were 
noted  as  In  samplo  #1 .  The  fibers  were  easily  removed  from 
the  tubes  and  appeared  to  havo  retained  tholr  original 
appearance. 

After  thoroughly  examining  the  cablo  samples,  it  Is  our 
opinion  that  the  Increases  in  attenuation  that  caused  the  systom 
failure  are  directly  linked  to  the  'flat*  spots  that  wero 
observed  In  the  buffer  tubes  taken  from  sample  at .  When  the 
materials  In  the  cable  core  began  to  flow,  as  a  result  of  the 
extreme  heat,  the  movement  of  those  components  caused 
pressure  to  be  applied  to  the  butter  tubes.  Tho  pressure 
applied  by  the  steel  central  strength  member  directly  over  the 
buffer  tubes  was  the  main  cause  of  the  deformation.  Once  tho 
source  ol  heat  (the  fire)  was  removed,  the  Inner  nylon  Jacket 
of  the  buffer  tubes  crystallized.  This  process  caused  the  Inside 
diameter  of  the  butter  tubes  to  decrease.  The  extreme  cold 
temperatures  on  the  ntght  ot  the  *  Jlure  caused  the  entire  cable 
structure  to  contract,  applying  additional  pressures  to  the 
constricted  butter  tubes,  thereby  Increasing  the  attenuation 
and  causing  the  systems  to  tail.  Had  the  deformation  of  the 
buffer  tubes  not  occurrod,  this  cable  may  have  survived  the 
effects  of  the  fire. 
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9.1.2  Fiber  Anulyxl* 

Considering  the  massive  extent  of  the  damage,  a  very  extensive 
mechanical  analysis,  as  explained  In  section  2.3. 2.1,  was 
conducted  on  fiber  samples  which  were  recovered  from  the 
burned  cable.  Both  glass  liber  and  coaling  were  stil  In  good 
condition.  No  considerable  degradation  on  fiber  strength  could 
be  observed. 

9.2  Olacusalont 

The  mode  o(  (allure  observed  hera  (during  a  period  ol 
extremely  low  temperature,  long  alter  damage  had  occurred) 
has  been  observed  in  several  other  post-mortem  analyses. 
Optical  cables  can  be  damaged  In  ways  which  are  not 
Immediately  apparent  •  the  systems  continue  to  function  and 
no  large  attenuation  Increases  can  be  found.  However, 
extremely  low  temperatures  can  greatly  magnify  the  effects  of 
the  damage  and  lead  to  system  failure.  Considering  this 
delayed  mode  of  failure,  It  should  be  noted  that  an  attenuation 
measurement  Is  not  always  a  reliable  Indicator  of  the  presence 
of  sufficient  damage  lo  the  cable  to  cause  future  problems. 

tfl.CENTBAL  STRENGTH  MEMBER  FAILURE  IN. CABLE 
4.1  Introduction 

In  this  case,  the  cable  route  between  two  towns  was  directly 
burled.  The  cable  was  Installed  In  August  1987  and  was 
carrying  one  working  system  with  protection.  On  an  early 
morning  In  January  1988,  the  working  system  switched  to 
protect.  A  Central  Office  technician  transferred  the  working 
system  to  a  spare  fiber,  and  transmission  was  restored.  The 
temperature  was  reported  to  be  very  low  at  the  lime  of  failure. 

The  following  morning,  a  technician  attempted  to  locate  the 
fault.  Using  an  OTOH,  they  found  that  the  fault  was  at  a  point 
2053  meters  from  the  Central  Office,  which  corresponded  to  a 
splice  point  on  the  span  records.  Technicians  then  physically 
examined  the  splice  point.  The  splice  case  was  stored  in  an 
above  ground  closure.  Since  the  splicing  operation  was 
performed  In  a  splicing  van,  approximately  50  meters  of  slack 
cable  was  also  stored  in  the  cabinet,  and  cable  slack  was  coiled 
and  secured  to  a  bracket  in  the  rear  of  the  cabinet  with  cable 
clamps.  The  splice  case  was  opened  and  examined,  and  no 
problems  were  found.  After  the  examination,  the  splico  case 
was  closed  and  the  high  loss  region  (2.5  to  3  dB)  was  still 
present. 


A  300  m  reel  of  restoration  cable  was  spliced  lo  unused  fibers 
so  that  a  short  wavelength  multimode  OTOR  could  bettor 
resolve  the  fault,  and  it  was  found  that  the  fault  was  within  2 
m  of  the  splice,  to  m  of  cable  past  the  spCce  was  cut  out  and 
respliced,  which  eliminated  the  fault. 

4.2  Failure  Analytic  of  Cable  and  Fibers 
Approximately  two  feet  of  sheath  was  removed  between  the  12 
to  14  fool  marks  lo  expose  the  cable  core,  and  a  broken  central 
strength  member  was  found.  The  cable  was  loose  tube  design. 
A  2  mm  diameter  fiberglass  reinforced  epoxy  rod  Is  used  as  a 
central  member  to  resist  buckling  when  the  cable  Is  bent.  The 
cable  core  is  surrounded  by  a  layer  of  fiberglass  and  Kevlar*" 
and  an  inner  jacket  of  polyethylene,  which  in  turn  is 
surrounded  by  another  layer  of  Kevlar*"  and  an  outer 
polyethylene  jacket. 

Prior  lo  physical  examination,  a  HeNe  laser  was  used  lo  lest 
the  continuity  of  the  fibers  A*  12  fibers  were  continuous, 
and  no  high  loss  regions  wore  found.  The  sample  was  loo  shod 
for  accurate  attenuation  measurements  to  be  made. 

An  additional  section  of  sheath  was  removed  for  a  distance  of 
approximately  2  meters  on  either  side  of  the  damaged  point. 

No  other  damage  was  observed.  The  unit  tubes,  stranding  lay, 
and  central  member  and  fibers  were  in  good  condition  except 
for  the  shod  damaged  section  Identified  initially.  Upon 
unstranding  the  core  to  reveal  the  condition  of  the  central 
member,  it  was  observed  that  the  two  pieces  of  broken  contral 
strength  member  had  overlapped  each  other  by  20  mm.  See 
Figure  13. 

4.3  Discussions 

One  possible  cause  to  be  investigated  Is  that  the  cable  may  have 
been  bent  to  an  excessively  small  diameter.  However,  there 
was  no  sign  of  small  radius  bending  when  the  cable  was 
examined,  so  excessive  bending  introduced  when  colling  the 
slack  cable  In  the  pedestal  can  be  eliminated  as  a  probable 
cause.  An  undamaged  section  of  the  cable  section  of  the  sample 
was  bent  in  the  laboratory  fn  an  attempt  to  reproduce  the  type 
o(  damage  found.  Two  types  of  bends  were  introduced.  First, 
the  sample  was  bent  over  the  comer  of  a  bench  lo  simulate  the 
type  o(  damage  which  could  have  occurred  if  the  loose  Inside 
end  of  the  cable  were  excessively  bent  while  the  cable  was  still 
on  the  reel.  This  might  have  happened  during  installation  if 
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lb*  cod  wcto  loose  Outing  the  burial.  Second,  tho  cobio  was 
bent  by  hand  Into  a  smalt  loop  until  the  central  member  tailed. 

In  both  cases,  H  was  quite  difficult  to  break  the  central 
member,  end  bend  dimeters  o(  three  to  lour  Inches  were 
typically  requited.  Tho  outer  jacket  o(  the  cable  was  also  quite 
noticeably  buckled,  whereas  no  noticeable  buckSng  was 
observed  In  the  field. 

The  Increased  attenuation  at  low  temperatures  is  explained  by 
the  broken  central  mg^r.  This  member  provides  the  only 
significant  resistance  to  compressive  loading  along  tho  cable 
axes,  significant  compresshre  tomes  aro  generated  by  the 
contraction  ot  the  jacket  and  unit  tubes  at  low  temperatures. 
However,  central  member  (aikiros  aro  very  rare.  The  central 
member  could  nave  boon  damaged  prior  to  or  during 
manufacture,  shipping,  or  Installation,  a  damaged  or  broken 
central  member  would  not  be  immediate)/  detected,  and  at  tho 
moderate  temperatures  experienced  during  manufacture  and 
Instalation,  the  fault  could  pass  undetected.  Sinco  tho  damage 
Is  so  close  to  tho  terminus  ol  the  route,  subtile  damago  could 
not  be  distinguished  from  a  noaiby  spEcc.  but  low 
temperatures  would  Increase  tho  attenuation  of  tho  damaged 
section  slgnincantly  and  ultimately  lead  to  system  failure. 

iULfiQttCLUSlQNS 

This  paper  presents,  In  detail,  throe  'rarlom"  analyses 
out  of  twenty  five  cases  that  tho  authors  have  studied.  Somoof 
thoso  casos  help  to  Identity  modes  o(  tolluro  which  woto  not 
anticipated  earlier.  In  all  throe  casos,  initial  OTDR  readings 
taken  In  the  field  Indicated  that  iho  libers  wero  functioning 
properly,  only  lo  fail  somotimo  later.  Considering  this 
delayed  mode  ol  fn&uro,  It  should  bo  noted  that  an  attenuation 
measurement  is  not  a  rollablo  Indicator  of  tho  prosonco  ol 
sufficient  darnago  to  tho  cub!o  to  causo  futuro  problems.  If 
physical  damago  occurs.  It  should  bo  considered  likely  that  tho 
cablo  will  fail  whon  oxposod  lo  moro  severe  environmental 
conditions  whether  or  not  a  measurable  attenuation  increase 
Is  obsorvod  al  more  moderate  conditions.  Experienced  gained 
trorn  thoso  studios  Is  providing  valuabto  input  to  BoKcoro's 
genetic  requirements. 
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Figure  1.  Shoath  Damage  at  Sheath  Footage  Marker  13028 
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Figure  6.  Defective  Coating 
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Figure  8.  Cooling  Strip  Forco  Results  for  Fiber 
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Figure  10.  Two-Point  Dynamic  Strength  Tosl  Results 
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Figure  13.  Damage  Section  Unstranded 


Fibers 


Locations 


1:971.0-  •  I29SS.O- 
12935.0"  .  1:917.0- 
I29S7.0*  .  U9$9.0- 
t:9S9.0-  -  1:991.0- 
t:991.0-  •  U994.0- 
1:994.0-  •  1:994.0- 
t:99do-  •  nooo.o- 
13000.0- 

13000.0-  .  13012.0- 
13012.0*  •  1302 /.S' 
130374-  •  13028.5- 
13023.S-  •  13034.0- 
13034.0’  •  13033.0- 
13031.0-  •  13040.0- 
13010.0-  •  130435' 
130135-  •  13015.tr 
13019,0-  •  13048.0“ 
13016.0'  •  13030.0- 
•  • 

13250.0-  •  1 3258.0 
13258.0-  .  1 3260.0" 
13260.0-  •  13261.0 


Table  1.  Locations  and  Tost  Typos  (or  Four  Fibers  From  Unit  4 
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A&SIBAEC  test  setup 


A  vorsacllo  test  station  (or  measuring  the 
geometrical  parameter*  oC  Clbtr  optic  connector 
ferrules  was  developed.  Through  the  use  of  non- 
contacting  optical  Methods,  subtalcron  iseasurenene 
accuracy  and  repeatability  have  been  achieved. 
Since  close  matching  between  ferrule  and  fiber 
diameters  Is  essential  to  low-loss  connectors,  the 
capabilities  of  this  system  have  proven  to  be 
Indispensable  for  qualifying  connector  components 
prior  to  assembly. 


lKIRODUSTIOH 


Low-loss  fiber  optic  connectors  roqulro  components 
which  aro  manufactured  with  submicron  precision. 
The  else  and  shape  of  a  connector  ferrule  may  have 
significant  Impact  In  the  resulting  connector's 
performance.  For  single  node  fibers,  two 
parameters  which  strongly  Influence  connector  loss 
are  axial  offset  and  angular  misalignment.  The 
loss  dependence  In  dB  from  these  effects  Is  given 
by 


A(dfl)  -  d.Jd  |(dA>,)*n*  iici  wq  #/A)»] 

where  d  Is  the  axial  offset,  t  Is  tho  angular 
misalignment,  n,i  Is  the  cladding  Index  of 
refraction,  v0  tho  mode  field  radius,  and  X  tho 
wavelength  of  oporatlon. 

To  minimise  tho  above  losses,  It  Is  necessary  to 
Impose  stringent  controls  on  the  dimensions  of  the 
connector.  Three  parameters  of  particular 
Importance  are:  (1)  Tho  concentricity  of  tho 
microhole  with  respect  to  tho  ferrule's  oucslda 
diameter,  (2)  the  angle  of  the  microhole  with 
respect  to  ferrule  axis,  and  (3)  the  Inside 
diameter  and  ovality  of  the  mlcroholo. 
Conventional  mothods  for  measuring  those  parameters 
are  at  best  ropoatablo  to  only  0.5  pm.  To  meet  tho 
demand  for  routlno,  submicron  measurements,  a  now 
test  system  was  developed.  This  connector  geometry 
test  station  has  been  used  extensively  for 
screening  connector  parts  prior  to  assembly  Into 
connector Izcd  fiber  optic  cables,  and  have 
contributed  to  a  considerable  reduction  of  the 
average  connector  Insertion  loss. 


A  diagram  of  the  equipment  setup  In  shown  In  Figure 
1.  The  system  was  constructed  on  an  optical  table 
In  order  to  maintain  alignment  and  to  minimise 
vibrations,  A  special  holder  Is  used  to  hold  the 
ferrule  firmly  In  place  for  the  measurement.  Tills 
holder  was  designed  so  that  uniform  radial  pressure 
Is  applied  around  the  ferrule. 

A  microscope  lens  located  dlreecly  In  front  of  the 
fnrrule  delivers  a  highly  magnified  Image  of  the 
febrile  end-face  to  the  CCD  camera.  The  output  of 
tho  camera  Is  fed  Into  the  video  frame  grabber 
where  It  la  digitised  and  then  transferred  to  tho 
computer.  A  monitor  connected  to  the  frame  grabber 
Is  used  to  focus  and  align  the  Image.  The  ferrule 
end-face  la  Illuminated  through  the  lens  using  a 
fiber  optic  light  bundle  and  a  beam  splitter.  The 
camera,  Illumination  optics,  and  microscope  lens 
are  mounted  as  a  single  assembly  on  a  micrometer- 
driven  translation  stage. 


Figure  1.  Fiber  Optic  Connector  Geometry  Test 
Station. 


Two  slightly  different  equipment  configurations  aro 
used  to  illuminate  the  mlcroholo  of  the  ferrule 
under  test.  Tho  choice  of  illumination  depends  on 
which  parameter  is  to  bo  measured.  All  attachments 
were  designed  for  quick  removal  and  replacement  at 
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the  back  of  the  ferrule.  The  simplest  l*  a  light 
source  which  projects  a  beam  through  the  mlcroholo. 
Tito  second  Illumination  scheme  Involves  a  fiber 
holder  and  positioner  which  Is  used  to  precisely 
manipulate  and  placo  an  optical  fiber  Inside  the 
ferrule.  Tills  fiber  end  Is  sec  at  a  slight  anglo 
to  the  ferrule  axis.  The  far  end  of  the  fiber  la 
coupled  to  a  light  source  In  order  to  Illuminate 
Its  core. 

Operation  of  the  frame  grabber  and  pacing  of  tho 
test  sequence  Is  controlled  by  the  computer.  The 
custom  software  performs  all  the  necessary  Image 
processing  and  data  conversion  of  the  etui* face 
Image  to  the  required  geometrical  parameters. 


MEASUREMENT  TECHNIQUES 


Two  different  measurement  techniques  are  supported 
by  the  hardware  described  In  the  previous  section. 
Each  method  Is  used  for  determining  a  different  sec 
of  connector  parameters.  In  the  first  test,  an 
empty  ferrule  Is  measured,  while  the  second  method 
Involves  placing  a  loose  fiber  Inside  th 
mlcrocapllary  during  the  measurement. 


Somm&MJlth  fruity  Ferrule 

Tills  technique  Is  used  to  measure  the  inner 
dlaaea.'  and  ovallcy  of  a  mlcroholo,  and  Its 
concentricity  with  respect  to  tho  ferrule  axis. 

Ulth  an  empty  connector  ferrule  mounted  In  the 
ferrule  holder,  the  translation  stago  Is  adjustod 
tc  obtain  a  focused  Image  of  tho  end-face  on  Che 
camera.  The  end-face  Illumination  Is  chon  removed 
whllo  the  mlcroholo  of  the  forrule  Is  lit  through 
its  back  using  the  second  light  sourto.  A  bright 
Image  of  tho  hole  at  the  end-face  thus  appears  at 
the  camera. 

Analysis  of  a  slnglo  Image  Is  sufficient  to 
determine  the  mJcrohole'c  diameter  and  ovallcy. 
However,  In  ordor  to  find  tho  concentricity,  tho 
forrule  must  be  rotated  1803  and  then  a  second 
imago  taken.  The  location  of  the  center  of  tho 
mlcroholo  Is  found  for  each  of  the  two  Images,  and 
tho  concentricity  of  tho  mlcroholo  Is  simply  the 
displacement  between  the  two  centers. 

Using  this  method,  the  concentricity  error  of  a 
mlcroholo  can  be  measured  In  loss  than  l  minute. 
Its  disadvantage  Is  that  It  cannot  provide  any 
Information  regarding  the  angle  of  the  mlcroholo 
with  respect  to  ferrule  axis. 


Connector  Ulth  boose  Fiber 

This  technique  Is  useful  for  finding  tho  mlcroholo 
angle  with  respect  to  ferrule  axis. 

With  tho  connector  under  test  mounted  firmly  in  the 
ferrule  holder,  one  end  of  a  stripped  and  cleaved 
single  mode  fiber  is  inserted  into  the  microhole. 


Title  fiber  U  hold  In  place  by  a  fiber  holdor 
located  Immediately  behind  tho  connector.  The 
other  end  of  tho  ftbor  Is  prepared  and  aligned  to 
tho  light  source. 

Tito  position  of  tho  camera  stage  Is  adjustod  to 
focus  on  the  ferrule's  end-face.  Next,  the  fiber 
end  Is  brought  to  tho  same  focus  by  adjusting  Its 
position  at  tho  fiber  holdor.  Tito  Imago  obtained 
at  this  point  shows  a  brightly  Illuminated  flbar 
core  area  surrounded  by  a  darker  cladding  region. 
Tills  Imago  can  chon  bo  tetod  to  determine  the 
coordinate:!  of  the  core  center.  As  in  the  previous 
mothod,  tho  ferrule  is  rocatod  by  180°  and  a  second 
Imago  is  taken.  Tito  displacement  of  the  fiber  core 
center  as  a  result  of  rotating  the  ferrule  gives 
the  concentricity  of  tho  mlcroholo. 

Tito  angle  of  tho  mlcroholo  with  respect  to  tho 
ferrule  axis  Is  found  by  moving  tho  fiber  further 
Into  the  ferrule  by  i.O  mm.  Tills  Is  accomplished 
by  first  moving  the  camora  assembly  stage  away  from 
tho  ferrule  by  i.O  mm,  then  tho  fiber  Is  driven 
toward  tho  camora  until  tho  fiber  end  Is  again  in 
focus,  Tito  hlgh-magnlflcaclon  of  tho  system's 
optics  has  a  sufficiently  shallow  depth  of  field  so 
that  focusing  errors  are  In  the  order  of  a  only  a 
few  cons  of  microns.  Again,  Images  of  the  fiber 
end- face  arc  taken  with  a  180°  rotation  between  Che 
two  samples.  Displacement  of  tho  fiber  core  center 
due  to  tho  rotation  Is  calculated  and  the  actual 
forrule  concentricity  (found  In  tho  previous  step) 
Is  subtracted  from  tho  displacement.  Tho  residual 
offset  divided  by  tho  1.0  mm  fiber  protrusion  glvos 
tho  tangent  of  twice  r.ho  ulcrohole  angle. 

With  this  technique,  a  typical  measurement  of  a 
mlcroholo  angle  requires  approximately  5  minutes. 


Thoro  are  two  calibrations  required  for  tho  cost 
sot.  Tito  first  corrects  for  distortions  Introduced 
by  tho  optics  and  tho  CCD  camera  pixels.  The 
second  calibration  establishes  tho  scaling  of  the 
image  as  scon  by  tho  system.  Uhlla  tho  later  Is 
onslly  found  by  moasurlng  an  object  of  known 
dimensions,  correcting  for  optical  non-llnearltles 
requires  characterising  tho  camera  on  a  pixel 
level.  As  most  CCD  cameras  contain  over  200,000 
pixels  in  tho  sensing  area,  a  polnt-wlso 
calibration  would  be  oxtrcmcly  Inefficient. 
Fortunately,  the  objects  to  bo  measured  are  all 
similar  In  size  and  shape,  so  only  tho  regions 
around  where  tho  object  will  appear  nood  to  bo 
characterised.  This  can  bo  accomplished  by 
measuring  an  object  similar  in  size  (such  ns  a 
fiber)  to  a  mlcroholo  and  with  a  known  ovality. 


The  capabilities  and  limitations  of  the  test 
station  were  verified  experimentally  by  measuring  a 
snail  number  of  ferrules  several  tiroes.  The  mean 
and  standard  deviation  were  calculated  for  each 


624  International  Wire  &  Cable  Symposium  Proceedings  ^989 


ferrule  separately,  then  *  combined  standard 
deviation  was  calculated  for  each  ferrule 
parameter,  theae  results  are  suamarited  irt  Table 
1. 


Parameter 

S.D.  (IS) 

Microhole  Concentricity 

0.05  Mm 

Connector  Concentricity 

0.03  Mm 

Microhole  Angle 

0.01  deg 

Microhole  Diameter 

0.1  Mm 

Microhole  Ovality 

0.\S  1 

Ferrule  Length 

1.0  Mm 

TABLE  l.  Measurement  accuracy  for  Connector 
Geometry  Test  Station. 


Concentricity  results  obtained  for  finished 
connectors  are  affected  differently  by  the  two  test 
methods  described.  In  the  case  of  the  empty 
ferrule,  the  primary  source  of  error  Is  the 
lmperfecclons  at  the  edge  of  the  mtcrohole.  With 
the  loose  fiber  method,  errors  can  result  from 
Interactions  between  the  fiber  and  ferrule  during 
tho  rotation. 


A  versatllo  test  station  for  characterising  fiber 
optic  connoctor  geometric  parameters  lias  been 
developed.  Based  on  non-contacting  optical 
methods,  the  system  Is  capable  of  testing  microhole 
concentricity,  angle,  diameter,  and  ovality  with 
submicron  accuracy  and  precision. 
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CORE  KILLING  ASSESSMENT  AND  PERFORMANCE  OF  FILLED 
CABLES  IN  DUCT  INSTALLATIONS 

J.  A.  Olszewski  and  R.  Rossi 


General  Cable  Company 
South  Plainfield,  N. J, 


DIGESTS 

A  study  of  a  derived  water  propagation 
model  ior  snail  bore  tubes  which  utilized 
an  electrical  transmission  line  analog,  has 
shown  that  the  water  ingress  failures  in 
currently  produced  filled  cables  is  caused 
by  a  plastic  flow  of  cable  sheaths  and, 
possibly,  an  inadequate  design  of  the  fill¬ 
ing  compounds.  High  water  pressures  in¬ 
volved  in  the  underground  environment, 
coupled  with  the  existence  of  faults  in  the 
polyethylene  insulation,  makes  the  use  of 
filled  cables  as  a  replacement  for  pressur¬ 
ized  links  in  ducts  highly  questionable. 

INTRODUCTION: 

It  has  been  shown  that  water  propagation 
in  a  narrow  channel,  and  its  pressure,  is 
analogous  to  an  electrical  transmission 
line  and  its  potential  distribution.  The 
derived  equations  are  adapted  herein  to 
water  flow  in  imperfectly  filled  telephone 
cables,  enabling  estimates  of  the  time  to 
failure  versus  the  applied  water  pressure 
and/or  the  cable  length.  These  relation¬ 
ships,  when  combined  with  an  earlier  work, 
also  allow  predictions  of  the  transmission 
degradation  of  repeater  spans  ovaploying 
cables  of  a  given  filling  compound  type  and 
process  versus  the  service  time  of  a  de¬ 
sired  40  years  duration.  The  paper  contains 
a  few  theoretical  scenario  examples  and 
proposes  water  penetration  test  criteria 
which  will  yield  results  more  applicable  to 
the  practical  service  environment.  In  addi¬ 
tion,  the  work  addresses  a  possible  use  of 
filled  cables  in  ducts,  where  water  head 
pressures  can  be  considerably  higher  than 
the  3  ft  normally  taken  for  burled  instal¬ 
lations.  The  experimental  evidence,  how¬ 
ever,  of  the  industry  wide  variation  in  the 
degree  of  cahle  filling,  combined  with 
insulation  imperfections  in  the  form  of 
pin-holes,  raises  questions  as  to  the  wis¬ 
dom  of  the  placement  of  currently  designed 
filled  cables  in  ducts. 

THEORY  -  WATER  FLOW  IN  SMALL  HORIZONTAL 
TUBES: 

The  work  on  the  water  propagation  in  small 
-bore  horizontal  tubes'  '  yielded  the 
following  relationships: 


-r  L(x)  J  R  i  t  Pwf 

P(x)  -  P(o)  o  wc - (1) 

whore,  in  British  units  of  lb,  ft,  and  s, 
currently  preferred  by  the  industry 
L(x)  ■  distance  from  input  point  x  along 
flow  channel,  ft  , 

P(o)  ■  water  input  pressure,  lb/ft 
P(x)  ■  water  pressuro,at  point  x  along  flow 
channel,  lb/ft 

i.  Pw-  (since  P(x)  cannot  oxtend  beyond 
water  wavefront)  _ 

P ,  »  water  wavefront  pressure,  Ib/ft 

r  1  ■  inside  radius  of  flow  channel,  ft 

R  ■  hydraulic  resistance  per  unit 
channel  length  lb-s/ft0 
t  -  time  of  water  pressure  application,  s 

Equation  (1)  can  be  used  to  yield  the  water 
pressure  distribution  along  the  channel 
length,  the  time  to  traverse  a  given 
length,  and  therefore  also  the  velocity  of 
the  water  wavefront. 

The  hydraulic  resistance  R  per  unit  length 
is  defined  as 


R 


Q  L 


(2) 


where,  L  ■  test  length  in  flow  test,  ft 
and  Q  ■  flow  rate  in  channel  length  L, 
ftVs 

while  the  pressure  drop  P(o)  -  p  .  is  given 
by  Poiseuille's  equation,  since  tne  values 
of  the  estimated  Reynolds  numbers  imply 
laminar  flow  in  channel  sizes  and  pressures 
normally  expected  in  the  installed  tele¬ 
phone  cables,  i.e. 

pin  -  Pout  "  P<°>  "  Pvf 
8  Q  L  n 


where  n  =  water  viscosity 

«  1.002CP  9,,68’F  (or  ?95cP  6  72  F) 
=  2.093X10  ,  lb^s/ft  6  68'F  in 

British  units'  ' 

The  flow  rate  Q  is  given  by  a  classical 
relationship,  namely 
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Q  •  vA  (4) 

wiiert  v  ■  water  wavefront  velocity  at  end 
of  any  given  channel  length  L, 
ft/s  2 

and  A  ■  flow  channol  cross-section,  ft 

and  since  sisce  it  has  been  experimentally 
established v'  that  the  flow  rate  Q'is  in- 
versly  proportional  to  the  channel  length 
of  Interest  L', 

Q  L 

Q  - -  (5) 

L' 


Another  form  of  the  flow  rate  relationship 
for  L  ■  3  ft,  empirically  established  from 
experiments  on  horizontal  capillary  tubes, 
is  of  the  following  form: 

Q(3')  ■  2570  P(o)  d4,3  ,  ft/s  - (6) 

where  d  ■  2r 

An  additional  fact  of  importance,  indicated 
by  equation  (1),  is  the  direct  proportion 
between  the  water  velocity  v  and  the  square 
root  of  time  t. 


PRACTICAL  FIELD  WATER  PRESSURES: 


Superior  performance  of  plastic  insulated 
filled  telephone  cables  in  buried  service 
environment'  1  has  prompted  the  users  to 
consider  their  suitability  for  pressurised 
cable  links,  or  in  other  words,  their  use 
in  the  ducts.  Buried  cables  however,  typi¬ 
cally  experience  low  water  pressures  since 
they  are  installed  at  a  3  ft  depth.  Their 
testing  at  the  cable  manufacturing  plants, 
designed  for  verification  of  the  integrity 
of  the  filling  is,  therefore,  conducted 
with  a  3  ft  water  head  pressure  applied  to 
the  end  of  a  3  ft  cable  sample  length,  with 
the  requirement  that  no  water  leakage 
occurs  for  one  hour  of  water  pressure 
application.  Duct  cables,  on  the  other 
hand,  are  normally  pressurized  with  dry  air 
to  10  psig,  but, working  pressures  of  6  to  8 
psig  are  common'  '.  Simple  calculations  of 
expected  water  pressures,  in  the  two 
operating  environments  discussed,  show  the 
following  for  standard  68 'F  temperature: 


Buried:  3  ft  head  =  3  (2tt,?*6.85) 

X. 9982^453. 59- 
«*  186.95  lb/  ft* 

=  1.30  psig 

Duct  :  7  psig  ave.»  7  (144)  - 

«  1,008  lb/ft4 
a  (3)  1,008/186.95 
=  16.2  ft  head 
10  psig  max. =  1,440  lb/ft* 

=  23.1  ft  head 


Note:  The  above  constants  are:  28,316.85 

cc/ftJ 

.9982  water  ... 
density  8  68'?^' 
453.59  g/lb  , 
and  144  inVCt* 

Tho  above  figures  attest  to  the  severity  of 
the  underground  environment,  but  the  incen¬ 
tives  for  the  use  of  filled  cables  are 
many,  the  major  being  the  lower  maintenance 
cost  and  the  elimination  of  capital  outlay 
for  the  construction  of  the  prossure  plant. 

It  should  be  noted  that  tho  water  pressures 
acting  on  the  cores  of  damaged  Installed 
cables  are  essentially  the  same  as  those 
acting  on  the  outside  of  the  cable  sheaths. 
Factory  testing  of  short  cable  samples, 
however,  consists  of  applying  a  given  wa¬ 
ter  column  height  to  the  core  with  sheath 
being  at  atmospheric  prossure.  This  test 
proceedure,  therefore,  rosults  in  pressure 
differences,  departure  from  practical  field 
reality,  and  more  pessimistic  results,  es¬ 
pecially  if 

i.  Polyethylene  jacket  is  not  bonded 
to  shield  or  armor 
ii.  Test  pressures  are  high 
ill.  Test  duration  is  long 
iv.  Test  temperature  is  higher  than 
that  of  operating  environment 
v.  Cable  sample  diameters  are  large 

In  general,  General  Cable  Company  test  data 
confirm  the  above.  It  appoars  that  the 
jackets  cold  flow  and  balloon,  creating 
water  channels,  enlarging  built-in  paths 
duo  to  imperfect  filling.  This  issue  has  to 
be  addressed  by  the  industry,  or  the  test 
data  has  to  be  put  into  a  proper  perspec¬ 
tive,  or  new  evaluation  techniques  will 
have  to  be  developed. 

BURIED  CABLE  AND  WATER  FLOW  RESISTANCE 
PARAMETERS: 

One  of  the  most  important  and  currently  un¬ 
derrated  parameters  of  the  water  flow  re¬ 
sistance  in  filled  cables  is  the  water  flow 
rate  Q  at  failure.  Besides  the  time  to 
failure  and  the  applied  pressure,  the  flow 
rate  is  determined  by  the  channel  size,  and 
thus  in  turn,  the  degree  of  cable  core 
filling,  or  jacket  expansion. 

The  flow  rate  in  cc/hr,  the  units  used  by 
the  industry  for  three  foot  cable  lengths, 
was  empirically  established  in  the  experi¬ 
mental  work  on  miniature  tubes,  and  based 
on  equation  (6/,  is  given  by 

Q(3' )  «  2.62X1011  P(o)  d4,3  , cc/hr  - (6a) 

or,  the  equivalent  flow  channel  diameter 
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d  ■  2r 


QOM 

2.62X1011  P(0) 


,  ft  -—(6b) 


Utilizing  the  above,  together  with  the 
experience  gained  in  curroi>t  cable  testing 
of  three  foot  long  cable  samples  under 
three  foot  water  head  and  typical  flow 
rates  at  failure  ranging  from  .001  to  10 
cc/hr,  Table  1  below  yields  a  rather  infor¬ 
mative  rango  of  hypothetical  flow  resis¬ 
tance  parameters. 

Table  1 


Open  Channel  Wator  Flow  Resistance  Parame¬ 
ters  for  3  ft  Length  Under  3  ft  Water 
Head  Pressure 


Q(3')  d  P(°)-PwC  PwC  R  t 

cc/hr  ft  lb/ft2  lb/ft2  lb-s/ft6  hr 

10.  .001105  168.42  18.53  .572X109  .00441 

1.  .0006460  144.18  42.77  4.899  "  .01373 

.1  .0003778  123.25  63.70  41.88  H  .05060 

.01  .0002209  105.45  81.50  358.3  H  .1945 

.001  .0001292  90.11  96.84  3062.  "  .7624 

The  values  of  Table  1  show  that  for  a  given 
applied  pressure,  the  higher  the  flow  rate, 
the  larger  the  channel  size,  the  higher 
tho  pressure  differential  between  the  input 
and  the  output,  the  lower  the  water 
wavQfront  propagation  pressure,  tho  lower 
the  hydraulic  resistance,  the  shorter  the 
time  to  failure,  and  vice  vorsa. 

It  should  be  noted  that  the  failure  tines 
for  current  design  cables  are  considerably 
longer  than  those  computed  in  Table  1,  as¬ 
suming  tho  existence  of  flow  channels.  This 
leads  to  a  conclusion  that  these  cables 
have  either  randomly  interrupted  channels, 
or  no  built-in  channels.  The  degree  of  de¬ 
viation  between  the  practical  water  pen¬ 
etration  times  and  tho  theoretical  results 
also  precludes,  in  most  cases,  the 
existence  of  non-linear  continuous  chan¬ 
nels.  Thus,  the  derived  theoretical  model 
per  equation  (1),  or  for  that  matter 
Poiseuille's  law  equation  (3),  developed 
for  open  channels,  have  to  be  augmented  by 
the  fact  that  the  continuous  channels  in 
cable  cores  are  being  created  on  applica¬ 
tion  of  pressure. 

This  basically  implies  that  the  water 
wavefront  propagation  pressure  inside  the 
core,  becomes  a  channel  forming,  or  channel 
boring  pressure,  and  is  higher  than  that 
associated  with  the  open  channel.  This 
takes  time,  as  shown  in  Figure  1,  espe¬ 
cially  if  the  distance  between  the  flow 
blocks  and  the  pressure  application  point 
increases.  It  should  be  noted  that  Figure  1 
shows  the  pressure  distribution  along  an 
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open  channel  of  Q(3')  -  1  cc/hr  at  differ¬ 
ent  times,  ranging  from  10  to  10  seconds 
after  the  application  of  pressure. 
Observation  of  numerous  cable  samples  in 
production  testing  has  shown  that  the  flow 
rate  at  the  moment  of  feilure  often  de¬ 
creases  almost  instantaneously  and  in  some 
cases  stops  completely  for  a  considerable 
time.  The  peculiarity  of  this  behavior  is 
believed  to  be  caused  by  the  pressure  drop 
at  the  output  the  instant  the  failure  oc¬ 
curs.  This  is  then  followed  by  a  decrease 
in  channel  cross-section,  or  its  complete 
closure,  by  the  memory  in  the  stressed 
cable  components,  especially  that  of  poly¬ 
ethylene  jacket.  It  takes  time  to  build  up 
the  pressure  again  at  the  failure  end,  if 
it  is  closed,  or  to  open  up  the  flow  chan¬ 
nel.  If,  on  the  other  hand,  the  channel  at 
the  failure  point  remains  partially  open, 
the  pressure  there  will  be  lower  than  that 
just  before  the  failure,  and  new  flow  con¬ 
ditions  will  eventually  be  established. 


Water  temperature  is  expected  to  have  a 
measurable  effect  on  the  pressure  gradient, 
flow  rate,  time  to  failure,  etc.  This  is 
apparent  from  equation  (3),  where  water 
viscosity  parameter  n  is  temperature 
dependent.  Higher  temperature  geographic 
regions  will  have  somewhat  more  acute  water 
flow  problems  than  the  cooler  northern  re¬ 
gions. 


The  most  important  parameter,  from  the 
viewpoint  of  cable  performance,  is  the  time 
to  failure  t,  and  is  given  by  equation  (1) 
or  its  rearrangement,  that  is: 

R  r2  L(x)2 

t  = - - -  ,  s  - (la) 

[-In  P(x)/P(o)r  Pwf 

where  at  the  time  of  failure  P(x)  =  Pwf 
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Most  of  tho  Clow  parameters  arc  interrela¬ 
ted,  but  certainly  Cor  a  given  cable  quali¬ 
ty  and  applied  pressure,  the  time  to  fail- 
ure  t  is  directly  proportional  to  the  cable 
length  squared.  In  other  words,  doubling 
the  length  will  quadruple  the  time  to  fail- 
ure,  and  so  on. 

At  Cirst  glance  equation  (la)  appears  to 
have  an  error,  inasmuch  as  the  Cailure  time 
is  shown  to  be  also  directly  proportional 
to  the  square  of  the  Clow  channel's 
equivalent  radius  r.  This  is  not  so,  as  the 
channel  radius  has  a  larger  eCCect  on  the 
hydraulic  resistances  R  and  the  wavoCront 
pressure  Puf.  Figures  oC  Table  1  confirm 
this  assertion. 


The  eCCect  oC  another  tost  variable,  the 
applied  pressure  P(o),  on  tha  time  to 
Cailure,  is  more  complex,  but  can  be 
determined  Crom  equation  (la).  Zn  general 
though,  it  can  be  stated  that  higher 
pressures  will  reduce  the  Cailure  times, 
provided  that  no  shiCts  oC  Ciller  mass  take 
place.  The  theory  suggests  the  Collowing 
relationship: 


t  * 


P'(o) 


|P(o) 


(7) 


where  P'(o)  *  applied  reference  pressure 
and  P(o)  ■  applied  pressure  oC  interest 


with  the  exponent  y  «  1  when  cable  cores 
are  poorly  filled,  and  y  >  1  and  Increasing 
with  improved  core  filling.  In  the  latter 
case,  y  attains  a  maximum  value  when  the 
wavefront  propagation  pressure  Pw*  ap¬ 
proaches  the  value  of  P(o)  Cor  P(o)  < 
P'(o),  or  when  Puf  approaches  the  value  of 
P'(o)  Cor  P'(o)  <  P(o). 

The  value  oC  the  wavefront  propagation 
pressure  is  critically  important. 
ratio  >1,  or  at  least  tending  to  unity,  is 
most  desirable  Cor  any  value  of  P(o).  The 
importance  of  this  relationship  is  depicted 
in  Figure  2;  the  higher  the  Pw(,/P(o)  the 

longer  is  tho  time  to  failure.  However, 
although  theoretically  ratios  of  PWf/p(°)  > 
1  are  possible,  in  which  case  tno  cable 
should  never  fail,  in  practice  this  appears 
to  be  valid  only  at  tho  start,  since  the 
time  of  the  pressure  application  con¬ 
tinuously  reduces  this  ratio  to  less  than 
unity  through  cold  flow  of  the  Ciller  and 
the  cable  sheath.  The  whole  issue  of  water 
penetration  failures  appears  to  reduce  to 
that  of  time  under  pressure. 

The  above  statements,  of  course,  are  not 
meant  to  imply  the  unimportance  of  a  high 
degree  of  cable  core  filling.  Well  filled 
cores  will  tend  to  have  smaller  flow  chan¬ 
nels,  and  in  turn,  higher  required 
wavefront  pressures  Cor  slower  water  pen¬ 
etration.  What  is  questioned,  is  tho  abil¬ 
ity  of  current  design  cables  to  block  water 
ingress  at  high  field  pressures. 


Figure  3 
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Analysis  of  plots  in  Figure  2,  representing 
the  predicted  performance  of  current  design 
filled  cables  for  burled  use,  and  taking 
into  account  the  fact  that  3  ft  long 
samples  of  these  cables  under  a  3  ft  water 
head  (1.30  psig)  fail  on  the  average  after 
about  50  hours,  the  typical  theoretical  wa¬ 
ter  propagation  pressure  Puf  is  1.24  to 
1.30  psig.  This  curiously  ‘narrow  range 
seems  to  confirm  earlier  statements  on  the 
importance  of  time.  The  plots  also  suggest 
a  high  spread  in  time  to  failure,  which  is 
supported  by  the  test  data. 

Another  source  of  sample  to  sample  failure 
time  scatter  is  shown  by  the  plots  of 
Figure  3,  that  is,  when  small  errors  are 
made  in  the  prescribed  test  pressure.  For 
example,  when  a  3  ft  sample  is  tested  at  a 
3  ft  high  water  head  (1.30  psig)  and  the 
propagation  pressure  is  1.15  psig,  such 
sample  will  theoretically  fail  at  best  af¬ 
ter  1.5  hours,  but  when  P(o)  is  mistakenly 
set  at  101  higher  value,  and  1.15  psig  re¬ 
mains  the  channel  forming  pressure,  the 
sample  will  be  expected  to  fail  aftar  about 
0.48  hours..  On  the  other  hand,  10%  lower 
than  1.30  psig  nominal  test  pressure,  could 
be  expected  to  produce  a  failure  after 
about  85  hours.  Similarly,  at  P  -  ■  0.00 
psig,  the  corresponding  theoretical  failuro 
times  become  only  0.22,  0.13  and  0.42  hours 
respectively. 

The  above  estimates  do  not  take  into 
account  so  far  undetermined  jacket 
expansion  rates. 


The  parameter  of  hydraulic  resistance  R  was 
introduced  as  a  convenience  and  in  ordor  to 
avoid  the  need  to  use  water  physical  pro¬ 
perties,  such  as  surface  tension.  Its  va¬ 
lue,  per  equation  (la),  is  directly  propor¬ 
tional  to  failure  time.  It  determines  the 
rate  of  exponential  decay  of  pressure  along 
the  cable. 

FILLED  CABLE  FOR  DUCT  INSTALLATIONS: 


water  at  room  tomperaturo  -  see  Figuro  5 
taken  from  reference  6  -  the  predicted  mu¬ 
tual  capacitanco  changes  in  duct  cables 
after  40  years  of  service  will  be  as  shown 
in  Figuro  6,  for  12,  18  and  24  water  head 
pressures  and  the  most  immune  filling  com¬ 
pound  labeled  Q9.  Its  absorption  of  water 
was  found  to  bo  similar  to  that  of  ETPR 
compound. 


Given  the  scenario  described  in  the  preced¬ 
ing  section,  the  increase  in  pressure  from 
186.9  lb/ft4,  applicable  to  buried  cable, 
to  1,000  lb/ft  ,  or  as  high  as  1,400  J 
lb/ft4,  applicable  to  underground  cables,  § 
spells  out  problems  unless  the  water  entry  *  1 
is  quickly  detected  and  the  fault  is  5 
repaired.  High  strength  cable  sheath  and  I 
highly  compacted  filling  free  of  voids  with  * 
properly  designed  filler,  are  the  keys  to  s  > 
success.  The  current  technology  filled 
cables  in  duct  installations,  even  if  made 
under  the  greatest  of  care,  will  allow 
water  entry  into  their  cores  as  projected 
in  Figuro  4,  for  a  40  year  span  of  service. 
Combining. the  above  with  earlier  determined 
changes1  1  in  1  kHz  mutual  capacitance  ver¬ 
sus  time  for  a  variety  of  filled  cables 
with  1/4"  diameter  holes  in  their  sheaths, 

1  ft  apart,  and  each  rotated  90  degrees 
from  the  preceding,  that  were  immersed  in 
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Figure  5 
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Tht  expected  increases  in  Mutual  capaci¬ 
tance  ware  estimated  at  81,  which  trans¬ 
lates  to  about  4%  increase  in  voice  fre¬ 
quency  attenuation,  and  roughly  about  the 
same  per  cent  increase  in  T-carrior 
attenuation,  as  the  presence  of  water  in 
the  core  is  not  expected  to  affect  the 
dissipation  factor  at  high  carrier 
frequencies. 

The  water  entry  into  the  long  lengths  of 
duct  cable  links  however,  will  expose 
insulation  faults,  and  therefore  will 
result  in  low  resistances  to  ground,  high 
crosstalk,  shorts  and  in  time  open-circuits 
due  to  the  corrosion  of  conductors.  As  an 
example,  a  7,000  ft  repeater  span  length 
employing  3,000  pair,  No.  26  AWC,  foam-skin 
insulated  cable  with  one  insulation  fault 
(pin-hole)  per  40,000  ft  minimum  of  conduc¬ 
tor,  can  possibly  end  up  with  7(3,000)2/40 
■  1,050  uninterrupted  circuits  at  the  end 


Figure  6 

of  its  40  year  service,  when  it  is  acted 
upon  by  a  24  ft  water  head.  A  12  ft  water 
head  pressure  on  the  same  repeater  link, 
per  Figure  6,  will  have  1(3,000)2/40  ««  150 
faulty  circuits.  In  either  case  though,  the 
situation  is  intolerable,  especially  if  a 
cable  sheath  fault  is  located  in  the  span 
away  from  the  repeater,  or  if  more  than  one 
sheath  fault  develops.  An  assumption  of 
lesser  "duty  cycle"  or  time  under  water 
pressure,  also  will  not  change  the 
situation  drastically. 


CONCLUSIONS: 

Assuming  the  validity  of  the  developed 
water  propagation  model,  the  work  described 
herein  leads  to  the  following  conclusions: 

1.  Current  water  flow  testing  methods  may 
be  inadequate  in  properly  evaluating  future 
designs. 

2.  The  flow  rate  at  failure  is  an  important 
parameter  which  characterises  the  effi¬ 
ciency  of  the  cable  core  filling. 


3.  Current  filled  cables  typically  havo  no 
contineous  opon  channels,  although  core 
wrap  and/or  shield-armor  tape  overlaps 
remain  the  weaknesses  of  the  design. 

4.  Tho  water  penetration  failures  of  filled 
telephone  cables  appear  to  bo  those  of  time 
at  a  given  pressure.  The  cable  sheaths 
cold  flow  and  balloon  and,  with  time,  water 
channels  are  created. 

5.  High  spread  in  sample  to  sample  failure 
time  of  reasonably  well  filled  cables  is 
theoretically  duo  to  small  deviations  in 
channel  producing  prossure.  Small  errors  in 
setting  the  tost  pressure  also  contribute 
to  the  failure  time  variability. 

6.  While  damaged  buried  filled  cables, 
typically  operating  under  a  3  ft  water  head 
pressure,  can  be  penetrated  by  water  for  a 
few  hundred  feet  within  their  40  year 
service  life,  the  filled  duct  cables,  even 
of  most  careful  manufacture,  operating  at 
up  to  24  ft  wator  head  pressure,  can  be 
penetrated  by  water  for  distances  in  excess 
of  a  typical  PCM  carrier  repeater  span.  The 
presence  of  insulation  faults  precludes  tho 
use  of  current  design  filled  cables  in  the 
underground  environment. 

7.  currently  employed  cable  sheaths  in 
filled  cables  appoar  to  be  tho  weakest  link 
requiring  correction,  but  also  a  possible 
need  for  redesign  of  the  filling  ‘compounds 
cannot  be  discounted. 
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AnSTR.NCT 

Optical  fiber  coatings  play  an  important 
rola  In  fiber  strength,  static  fatigue, 
attenuation  and  performance  at  different 
temperatures.  Various  coatings  are 
available  for  diverse  applications.  No 
single  coating  is  available  to  fulfill 
the  requirements.  The  major  function  of 
a  coating  Is  to  protect  the  glass  sur¬ 
face  from  external  abrasion  and  environ¬ 
ment,  and  to  preserve  strength.  The 
polymeric  coatings  such  as  ultraviolet 
cured  epoxy  acrylate,  silicones  and 
polylmldes  are  commonly  used.  The 
operating  temperatures  of  the  above 
coatings  are  80*C,  200*C  and  300*0 
respectively.  For  even  higher  tempera¬ 
tures,  metallic  coated  fibers  are  being 
considered.  The  strength  and  fatigue  of 
high  temperature  coated  fibers  such  as 
silicone,  polyimlde  and  aluminum  are 
discussed. 


1.  Introduction 

There  Is  considerable  interest  in  high 
temperature  coalings  for  the  automobile 
and  aircraft  industries,  host  standard 
telecommunication  optical  fiber  uses 
ultraviolet  (UV)  cured  epoxy  acrylate 
coatings.  The  maximum  safe  operating 
temperature  is  nearly  100*0,  but  for  ap¬ 
plications  which  require  temperatures  in 
excess  of  100*0,  there  arc  various 
polymeric  and  metallic  coatings 
available.  Silicone  coatings  are  exten¬ 
sively  used  for  optical  fiber  ground 
wire  which  experiences  ambient 
temperatures  above  100*C.  Silicone 
coated  fibers  can  be  used  safely  up  to 


200*C.  A  new  polymer  for  fibers  based 

on  ladder  siloxane  polymer  (LSF)1'2, 
demonstrating  good  heat  resistant  prop¬ 
erties  has  been  shown  to  perform  quite 
well  above  200*0  exposure.  Folylmlde 
coating  on  optical  fiber,  however,  can 
withstand  temperature  up  to  350*0. 
Research  work  is  continuing  for  the 
development  of  polymers  capablo  of 
withstanding  temperatures  of  nearly 
400*C.  Currently,  for  temperature  ap¬ 
plications  greater  titan  350*C,  metallic 
coated  fibers  are  being  used.  Aluminum 
coating  on  fiber  can  withstand  tempera¬ 
tures  up  to  500*0  whereas  gold  coated 
fibers  can  withstand  900*0.  Investiga¬ 
tion  is  ongoing  for  copper  and  nickel 
coatings  for  possible  higher  temperature 
applications.  The  purpose  of  this  paper 
i&  to  present  strength  and  fatigue  data 
on  fibers  coated  with  silicone  and 
aluminum,  together  with  recent  experi¬ 
mental  data  on  high  temperature  strength 
of  polyimide  coated  fibers. 


2.  Experimental  Procedure 


The  fibers  used  in  this  study  were  drawn 
from  a  silica  preform  to  a  diameter  of 
140//m  and  were  coated  with  a  polyimlde 
coating  to  170//m.  The  coating  was  ap¬ 
plied  by  dip  coating  and  cured  thermal¬ 
ly.  Dynamic  tensik  strength  was  deter¬ 
mined  at  room  temperature  and  at  300*0 
in  air.  0.7m  gage  length  with  a  strain 
rate  of  4l/toinute  was  used  to  measure 
the  strengths.  Mandrel  testing  of 
polyimlde  coated  fibers  is  continuing  in 
water  at  00*C. 
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3.  Results  and  Discussions 
■ASlllc0O€  coated  Optical 
— TISsri —  - 


The  determination  of  strength  of 
silicone  costed  optical  fiber  by  uiing 
dynamic  tensile  tilting  la  quit! 
difficult  aa  tht  polymer  la  soft  and 
difficult  to  grip.  In  addition,  th* 
coating  Ktritctwi  considerably  during 
tenrile  tilting.  Therefore,  mandril 
tilting  and  two-point  bind  tilting  are 
being  uaid  to  ginerati  itatic  and 
dynamic  fatigue  data  at  different 
temperature!. 

A  AOOtm  alllcone  coated  SO/125/a*  graded 

index  flbera  was  used  by  Hade  it.al.  3  to 
generate  atatlc  fatigue  data  at  room 
temperature,  150*C,  220*C  and  300*C. 
Itie  fibers  were  wrapped  on  different 
else  mandtela,  placed  in  an  oven  and  th* 
time  to  failure  recorded.  A  plot  of 
time  to  failure  vs  strength  is  shown  in 
figure  1. 


1 ,. 16**1 


1*1  a, •  0 1).  isr.l 


figure  1.  Time  to  failure  vs  applied 
stress  on  silicone  coated  fibers  at 
different  temperatures  (Ref  3). 


The  slope  of  the  straight  line  gave 

the  static  fatigue  parameter  'n  '-value 

of  27  for  room  temperature  testing.  The 

'n  '-  values  were  increased  to  nearly  50 

at  higher  temperatures.  This  higher 

n -value  indicates  that  sil'.cone 
8 


coated  fiber  has  an  excellent  static 
fatigue  resistance  at  high  temperatura 
applications.  In  a  .  different 
experiment,  Cuellir  it.  si.  performed 
the  atatlc  fatigue  experiment  on  sili¬ 
cone  coated  fibers  by  using  a  two-point 
bend  apparatus.  Approximately  six  inch 
long  large  core  fibers  (460//*  core/625//* 
clad)  were  placed  in  a  two-point  bending 
fixture,  the  fixture  wes  submerged  in 
water  at  60*C  and  the  time  to  failure 
monitored,  riguri  2  shows  the  static 
fatigue  data  for  silicone  coated  fibers 
compared  with  uv-acrylate  coated  fibers. 
A  significant  improvement  in  static 
fatigue  resistance  was  observed  in 
silicone  coated  fiber  compared  to 
acrylate  coated  fiber  in  water  at  80*C. 


SIXAIN.  MRCtMT 


IN  (STRAIN) 


rigure  2.  Time  to  failure  vs  applied 
stress  on  silicone  coated  fibers  (open 
circle)  and  uv-acrylate  coated  fibers 
(close  circles)  in  water  at  80*C  (Ref 
4). 


B.  Polylnide  Coated  Optical 
Fibers 

Polyimide  coating  has  an  excellent 
thermal  stability  and  chemical 
resistance  together  with  good 
dielectric  properties.  The  dynamic 
tensile  strength  was  determined  at  room 
temperature  and  at  300"C.  The  fibers 
were  kept  at  30QeC  for  15  minutes  before 
the  tensile  testing  was  done  at 
41/talnute  strain  rate.  The  results  ore 
summarized  in  Table  1. 
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Table  1-  Dynamic  Ten* lie  Strength 
of  Poly; aide  Coated  Fibers 

Temp.  Dynamic  Tensile  Strength 
(Kpsl) 

St. 

<  *C)  flax.  Min  Med  Dev. 


Room  Temp  683.1  412.2  632.6  63 

TOO  694.1  331'. 1  613.5  99 

It  *|»ears  that  t)ve  strength  does  not 
degra)*  when  testing  was  performed  at 
300*C.  static  fatigue  testing  in  water 
at  80*C  is  underway.  Preliminary 
results  Indicate  that  the  n  -  value  Is 
above  30  which  Indicates*  that  the 
polylmlde  coated  fibers  are  quite 
resistant  to  slow  crack  growth  or  static 
fatigue  compered  to  uv-acrylate  coated 
fibers. 


C.  Aluminum  Coated  Optical  Fibers 

For  applications  that  are  In  excess  of 
350*C,  metallic  coated  fibers  are  pre¬ 
ferred.  Aluminum  coating  on  optical 
fibers  Is  extensively  studied  '. 
Aluminum  coating  on  optical  fibers  can 
be  applied  by  J:he  dip  coating  process, 
Plnnow  et.al.  studied  the  fatigue 
of  tIOpm  diameter  silica  fibers  with  15 
•  20fm  thick  aluminum  coating.  Doth 
dynamic  and  static  fatigue  results  were 
reported.  The  average  strength  of 
aluminum  coated  fiber  was  520  Xpsl  at 
4Vfclnute  strain  rate.  The  dynamic 
tensile  strength  did  not  change  with 
different  strain  rates  indicating  a  high 
fatigue  resistance.  In  static  fatigue 
measurement,  it  was  reported  tl»t 
aluminum  coated  fibers  can  survive  five 
orders  of  magnitude  higher  titan 
conventional  polymer  coated  optical 
fibers. 

Tanaka  et.nl.®  reported  the  static 
fatigue  data  of  aluminum  coated  optical 
fibers  at  high  temperatures  up  to  4Q0*C. 
The  static  fatigue  results  are  shown  in 
Figure  3. 
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Figure  3.  Static  fatigue  data  of 
aluminum  coated  fibers  at  high 
temperatures  (Ref  6). 


It  was  found  that  aluminum  coated  fibers 
had  sufficient  lifetime  at  350*C. 
At  hlglter  temperatures  and  under  the 
sorvice  loading  condition,  aluminum 
coating  degraded  due  to  creep 
phenomenon. 


4.  Summary  and  Conclusions 

When  optical  fibers  arc  used  in  an 
environment  exceeding  100*C,  uv-curcd 
epoxy  acrylate  coatings  are  not 
preferred.  Silicone,  ladder  slloxane 
polymer  and  polylmlde  coatings  ore 
generally  used  from  200*C  to  350»C. 
Since  the  silicone  coating  is  very  soft. 
It  Is  difficult  to  determine  the 
accurate  strength  by  tensile  testing. 
Strength  and  fatigue  of  silicone  coated 
fibers  con  be  determined  by  two-point 
bending  and  mandrel  testing,  silicone 
coated  fibers  rhow  an  excellent  fatigue 
resistance  In  water  at  00*C  and  also  at 
100  to  300*C.  The  polylmlde  coated 
flbei:,  in  contrast,  Is  hard  and  has  a 
slid!  appearance.  It  can  retain  its 
original  strength  when  exposed  to  300*C. 
The  preliminary  static  fatigue  data  for 
polylmlde  coated  fiber  showed  a  good 
fatigue  resistance  in  water  at  80*C. 
For  higher  temperature  applications, 
metal  coated  fibers  are  being  used. 
Aluminum  coated  fiber  has  a  strength  of 
nearly  500  Kpsl  at  room  temperature. 
The  coated  fiber  showed  excellent 
fatigue  performances  at  room  temperature 
and  at  high  temperatures.  Thus,  the 
different  high  temperature  coatings  on 
fiber  are  showing  good  performances  at 
their  application  temperatures.  More 
data  is  needed  for  a  relitble  lifetime 
prediction  of  these  high  temperature 
coated  fibers. 
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Abstract 

The  enhanced  mechanical  properties  of  fibers  with 
allica  core  and  thin,  bonded,  hard  polymeric  clad¬ 
ding  have  been  well  documented  over  the  past  six 
years.  These  step-index  large  core  fibers,  however, 
are  bandwidth  limited  and  are  not  suitable  for  sys¬ 
tems  with  high  data  rates  or  long  lengths.  This 
paper  describes  the  extension  of  this  technology  to 
coat  all-silica,  multicomponent  singlcmode  fibers 
during  the  draw  process.  The  resulting  fibers  can 
be  proof  tested  at  very  high  levels,  have  high 
Weibull  strength  and  slope  parameters,  and  are 
highly  fatigue  resistant.  The  coating  has  little 
measurable  effect  on  the  basic  attenuation  or  micro- 
bend  induced  attenuation  of  the  singlcmode  fiber. 
These  coated  fibers  represent  a  true  "new  genera¬ 
tion"  in  singlcmode  fiber  technology. 

Summary 

In  earlier  work  Hard  Clad  Silica  (IICS«)  optical 
fibers  have  been  clown  to  have  high  strength  ond  to 
bo  highly  fatigue  resistant  in  moist  or  wet  environ¬ 
ments.  Recent  tests,  described  here,  have  proven 
that  DCS  technology  can  bo  extended  to  all  silica 
optical  fibers  including  singlcmode  fibers.  This 
demonstrates  that  the  reliability,  survivability  of 
singlcmode  fiber  is  enhanced  by  employing  DCS  tech¬ 
nology.  Singlcmode  fiber  lengths  of  >10  km  have 
been  achieved  at  ptnef  tost  levels  of  400  ksi  {2.76 
GPa).  Combined  with  their  nigh  Weibull  strength, 
*•700  k3l,  slope,  m  >50,  and  good  fatigue  resistance, 
N  <w26,  those  fibers  are  strong  candidates  for  all 
high  reliability,  high  strength,  long-haul  oppli- 
cation;  e.g.  fiber  guided  missiles,  tethers  and  sub¬ 
scriber  loop  applications. 

Introduction 

In  recent  years  the  reliability  of  optical  fibers 
has  become  of  great  concern  duo  to  military,  medical 
and  other  specialty  high  performance  applications. 
With  the  nearing  promise  of  fibor-to-the-hemo  ond 
its  inherent  requirements  for  a  robust  optical 
fiber,  the  telcom  market  has  cane  to  value  stronger, 
note  fatigue  resistant  fibers,  too. 

1  2 

The  original  DCS  optical  fibers  were  designed  ' 
to  be  strong,  relatively  insensitive  to  environ¬ 
mental  conditions  and  easily  terminated3.  These 
fibers  have  high  values  for  initial  strength  and 
Weibull  slope.  Typical  mean  strengths  are  above  780 
ksi  (5.4  GPa)  and  "m"  values  range  from  6o  to  »100. 


In  previous  reports2'*"8,  ICS  fibers  were  shown 
to  have  high  strength  and  excellent  sfcatlc/dynamlc 
fatigue  resistance  in  high  humidity  and  water  en¬ 
vironments,  especially  at  elevated  tcnpcraturcs. 
Their  insensitivity  to  moisture  exposure,  even  at 
moderate  stresses  prior  to  testing,  exemplify  their 
enhanced  reliability. 

The  overall  strength  ond  fatigue  properties  of 
HCS  fibers  are  due  to  the  passivating  nature  of  the 
hard  cladding*'  .  It  was  designed  to  bond  to  the 
pristine  freshly  drown  silica  surface  ond  has  low 
water  absorption  and  low  water  vapor  permeability 
properties.  It  deactivates  (passivates)  the  silica 
surface  and  over  time  protects  silica  fiber  core 
from  attack  by  moisture.  Those  fibers  do  not  ex¬ 
hibit  zcro-stroc3  aging  degradation  of  strength^  . 
With  their  high  initial  strengths  and  with  moderate 
but  very  predictable  fatigue  resistance,  HCS  fibers 
have  been  shown  to  behave  more  reliably  than  most 
currently  available  hermetic  optical  fibers11'. 

Hare  recently  the  ICS  tcchnology.has  been  ex¬ 
tended  to  all-silica  type  tibersl3'1‘\  where  the 
coating  does  not  need  to  serve  os  a  cladding.  The 
improvements  in  strength,  fatigue  resistance  and 
reliability  for  the  all-silica  fibers  ore  csscn- 
tiolly  the  samo  os  the  ICS  optical  fibers.  A  new 
singlcmode  fiber  (SHF)  structure  has  been  developed 
with  enhanced  reliability.  A  thin,  hard,  adhesive, 
polymeric  coating  is  placed  between  the  silica 
clodding  ond  the  usual  combination  buffer  coating. 
See  Figure  1. 

This  paper  presents  results  on  the  properties  of 
this  new  SHF  ond  compares  them  with  results  for 
commercially  available  SMFs.  Dynamic  strength, 
fatigue  resistance,  including  zero-stress  oging  in 
boiling  water  and  extensive  long  gage  dynamic  test¬ 
ing  ore  used  to  illustrate  the  reliability  of  this 
new  fiber.  Proof  testing  at  high  stresses,  up  to 
400  ksi  (2.76  GPa) ,  has  yielded  long  lengths  of 
failure  free  fiber. 

ExMrlmental  Details 

The  SHF  fibers  were  drawn  using  a  conventional 
silica  fiber  draw  tower.  The  fiber  was  drawn  di- 
icctly  from  preforms  which  yielded  the  standard 
8/125  coro/clad  silica  dimensions.  When  employed, 
the  proprietary  hard  polymer  was  applied  via  a 
specially  designed  applicator  and  delivery  system. 
The  polymer  was  cured  on-line  and  the  fiber  pre¬ 
vented  from  solid  contact  until  the  coating  was 
fully  cured. 
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All  £ib«cs  had  a  ooman  DeSoto  uv-curable  acry¬ 
late  aingle  buffer  coating  applied  and  cured  on- 
lint  using  standard  application  and  cure  equipment. 

Dynamic  tensile  strength  testing  was  performed 
using  •  universal  tensile  testing  machine  with  spe¬ 
cially  designed  grips  foe  optical  fiber.  Test 
samples  were  tested  at  ambient  conditions  -  23*C, 
•fit  m  -  with  a  9  meter  gage  length  and  0.9  cm/sec 
(51  /min)  strain  rate,  typically  20  sables  were 
tested  per  saaple  fiber,  except  for  the  special  ex¬ 
periment  t4wre  100  saiqplos  were  tested. 

Static  fatigue  testing  was  performed  via  the 
mandrel  wrap  technique9* *5,  in  this  technique  -1.1 
meters  of  fiber  are  wrapped  around  mandrels  of 
various  diameters,  the  diameters  of  the  mandrel 
and  of  the  silica  fiber  determine  the  stress  the 
fiber  experiences16.  Fiber  samples  wrapped  on  tho 
mandrels  were  inmersed  in  anfcient  water,  the  time 
to  the  first  break  (failure)  was  measured,  the 
mandrel  sixes  were  selected  to  yield  failure  times 
covering  4  to  6  orders  of  magnitude. 

lb  evaluate  the  effects  of  zero-stress  aging, 
sections  of  fiber  were  exposed  to  boiling  water 
for  24  hours  and  then  -1.1  meter  samples  prepared 
on  appropriate  iwndrcl  sizes-  the  wrapped  aged 
samples  were  immersed  in  ambient  water  and  their 
failuic  times  measured. 

Dynamic  Strength 

lb  demonstrate  the  strength  enhancement,  single- 
mode  fibers  were  drawn  from  a  single  preform  with 
and  without  tho  DCS-type  coating.  All  fibers  had 
standard  buffer  coatings  on  them,  the  results  arc 
shown  In  Figure  2.  The  ultimate  strength  is 
slightly  higher  for  tlx;  coated  samples,  but  much 
more  significantly,  the  low  values  in  the  tail  sec¬ 
tion  arc  greatly  shifted  to  higher  strengths. 

Since  the  development  of  the  I  ICS-type  coating 
for  SMF  is  still  in  its  start-up  period,  a  com¬ 
parison  of  standard  IICS  fiber  strength  and  the  DCS 
coated  SMF  wtll  illustrate  the  level  of  strength 
enhancement  that  can  be  expected  in  tho  future. 

This  is  done  in  Figure  3.  the  .standard  IKS  fiber 
has  a  slightly  higher  mean  strength,  and  even  more 
significantly,  a  single  line  describes  its  Weibull 
plot,  i.e.  it  doesn't  display  a  low  strength  tail 
like  the  SMF  fiber.  Ibis  is  important  for  reli¬ 
ability  prediction  as  is  discussed  later. 

In  this  figure  the  strength  measurements  for  one 
of  the  best  commercial  telccra  SMF  fibers  is  also 
plotted.  Hie  silica  diameters  for  all  three  fibers 
are  nominally  the  same,  125p.  the  two  DCS  coated 
fibers  were  proof  tested  at  100  ksi  (0.69  GPa), 
while  tho  commercial  fiber  was  probably  proof  tested 
at  50  ksi  (0.35  3Pa).  the  two  DCS  coated  fibers 
have  higher  mean  strengths  than  the  commercial 
fiber.  While  the  DCS  coated  plot  does  cross  the 
commercial  SMF  plot,  the  former  has  a  much  higher 
strength  tail  which  tightens  up  rather  than  spread¬ 
ing  out  at  the  lowest  failure  strengths.  This 
feature  predicts  a  better  probability  of  high 
strength  for  long  lengths.  This  is  verified  later 


when  the  results  of  off-line  proof  testing  arc 
presented. 

the  preform  used  to  produce  the  fibers  with  and 
without  the  DCS  coating  apeared  to  have  some  in¬ 
ternal  flaws,  which  were  thought  to  lead  to  tho  ro- 
sidual  lower  strength  tall  observed  in  Figures  2 
and  3.  A  note  carefully  selected  preform  was  ob¬ 
tained  and  drawn  into  another  ICS  coated  SMF. 
Approximately  1.2  km  of  this  fiber  was  cut  up  into 
100  ~ilm  samples,  randomized  in  sets  of  20,  and  the 
dynamic  strength  tested  with  9  motor  gage  lengths, 
the  results  of  this  experiment  are  given  in  Figure 
4.  this  is  a  fascinating  and  unusual  plot.  Not 
only  are  all  the  failure  strengths  above  600  ksi 
under  a  moderately  slow  (5»/mln)  strain  rate  in  a 
highly  hunld  environment  (651  HI),  but  also  there 
is  no  low  strength  tail  in  this  specific  fiber  lot. 
We  thus  confirmed  the  initial  suspicion  that  foe  a 
good  preform  the  DCS  coated  SMF  can  have  a  unlmodal 
Weibull  plot  with  a  high  median  strength  even  under 
adverse,  though  realistic,  environmental  conditions, 
the  result  also  predicts  a  higher  probability  of 
long  length  high  strength  fibers. 

Fatlguc/zcro-Strcss  Aging 

It  should  be  noted  that  for  the  dynamic  strength 
testing  reported  in  Figures  2-4,  tho  gage  ,cngth 
(9m)  is  long  and  the  strain  rate  (0.1t/sc<.,  St/min) 
is  moderately  slow.  In  the  high  humidity  of  the 
test  environment,  sufficient  time  is  thus  available 
for  fatigue  to  occur.  The  fatigue  behavior  of  the 
new  SMF  structure  is  the  other  significant  advan¬ 
tage  it  has  over  conventional  SMF. 

the  fatigue  behavior  of  the  new  ICS  coated  SMF 
and  that  of  conventional  SMF  was  measured.  The  re¬ 
sults  for  fiber  samples  tested  in  ambient  water  are 
given  in  Figure  5,  where  the  Charles17  power  law 
plot  is  employed.  Also  plotted  in  this  figure  are 
the  results  for  fibers  subjected  to  24  hours  of 
zero-stress  aging  in  boiling  water. 

First,  the  conventional  SMF  is  weaker  but  its 
initial  fatigue,  slope  for  filled  squares  lino,  is 
quite  similar  to  that  of  the  new  DCS  SMF.  After 
aging,  however,  tho  conventional  fiber  has  signi¬ 
ficantly  lost  scrength  and  fatigue  resistance. 

Cn  the  other  hand,  tho  new  I  ICS- type  fiber  shows 
no  discornoblo  difference  in  its  strength  or 
fatigue  behavior.  Tho  importance  of  this  result 
is  that  it  predicts  no  transition  in  their  static 
fatigue  behavior  for  the  new  DCS  SMF  but  does  in¬ 
dicate  one  for  the  convontionol  SMF,  which  will 
occur  at  indeterminate  times  at  different  opera¬ 
tional  temperatures11. 

Mure  concretely,  after  zero-stress  aging  in 
toiling  water  for  24  hours,  tho  conventional  (com¬ 
mercial)  fibers  break  in  <1  sec  at  stresses  above 
290  ksi  (2.0  GPa),  while  tho  new  IlCS-type  fibers 
would  still  have  expected  lifetimes  at  290  ksi 
stress  of  >9  years,  or  about  108  times  longer,  the 
consequences  on  fiber  reliability  are  thus  great. 

Proof  Testing 
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To  confine  the  strength  results  and  to  demon- 
strate  the  practical  advantages  of  the  new  ICS 
style  singlemcde  fiber  construction  for  the  spe¬ 
cialty  applications  of  SHF  that  require  strong,  re¬ 
liable,  long  lengths  of  fiber,  two  representative 
fibers  were  produced  from  different  preforms.  The 
two  case  studies  are  sumurired  In  Table  1  and  n. 

Table  I 


Cam  At  8/125/140 

220  um  Buffer 

Proof  Test 

Length 

Step 

(ksi-GPal 

(ml 

Fiber  Draw 

200  -  1.4 

4300* 

Re-Proof 

200  -  1.4 

4300 

Re-Proof 

300  -  2.1 

4100 

Re-Proof 

400  -  2.8 

3300 

•Proof  Tested  On-Line 

Table  IT 

Case  B:  8/125/140 

230  um  Buffer 

Proof  Test 

length 

step 

(ksi-GPa) 

<m) 

Fiber  Draw 

300  -  2.1 

11,000* 

Re-Proof 

400  -  2.8 

11,000 

♦Proof  Tbstcd  On- 1.1  no 

These  results  prove  that  the  sharpening  of  the 
Weibuli  curve  for  the  new  ICS-type  SMF  in  Figure  2 
is  real  and  also  reinforce  the  unimodal  Weibuli  ob¬ 
served  for  the  large  test  sample  case  In  Figure  4. 
More  importantly  they  establish  that  the  new  con¬ 
struction  can  indeed  be  drawn  into  high  strength, 
long  length  fibers  which  should  have  predictable 
fatigue  behavior  and  excellent  reliability.  FOr 
those  applications  requiring  ultra-high  proof  test¬ 
ing,  these  new  fibers  have  proven  their  ability  to 
be  tested  off  line  to  very  high  strength  levels. 

Application  Implications 

The  new  structure  ICS-type  singlemodc  fibers  with 
their  high  initial  strength,  relative  insensitivity 
to  environmental  conditions  and  zero-stress  aging, 
and  very  good  and  predictable  fatigue  resistance 
have  outperformed  hermetic-coated  fibers  in  tost 
simulating  stringent  operating  conditions11'12. 

Their  ability  to  yield  long  lengths  at  high  proof 
test  levels  is  promising  in  terms  of  cost  efficiency 
and  predictability. 

Such  high  strength,  fatigue  resistant  fibers  are 
desirable  for  applications  where  high  stress  will  bo 
encountered,  such  as  fiber  guided  missiles,  delay 
line  bobbins,  tethers  and  tight  bend  radius  deploy¬ 
ment. 

This  fiber  construction  may  provide  substantially 
higher  and  more  predictable  reliability  in  high 
stress,  high  temperature,  small  bend  radius  cabling 
or  subscriber  loop  applications  where  installation 


restrictions  and  practices  may  require  a  more  ro¬ 
bust,  fatigue  resistant  "hook-up"  fiber. 

Finally  the  robust  strength  and  fatigue  proper¬ 
ties  of  these  fibers  may  permit  the  design  and  In¬ 
stallation  of  new  cable  structures  talcing  full 
advantage  of  the  small  size  and  weight  of  optical 
fibers.  Even  greater  savings  in  weight  or  size  or 
increased  reliability  will  be  possible  for  these 
special  situations  such  as  autcptic  or  space 
applications. 
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Puro  Silica  Fiber  with  I  ICS  Coating 


Standard  Slnglomodo  Fibor 


HCS  on  Slnglomodo  Fibor 


Figure  1 


Dynamic  Strength; 
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•  Singlemode  with  HCS 
□  Singlemode  without  HCS 


Figure  2 
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Dynamic  Strength: 

Standard  HCS  vs.  HCS  on  Singlemode 


Dynamic  Strength: 

HCS  Coated  Singlemode  vs.  Standard  HCS 
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Static  Fatigue  Resistance:  Zero  Stress  Aging 


•  HCS  on  Singlemode 

O  HCS  on  Singlemode 
Zero  Stress  Aging  - 
24  Hr.  in 
Boiling  Water 

■  Conventional  Singlemode 

a  Conventional  Singlemode 
Zero  Stress  Aging  - 
24  Hr.  in 
Boiling  Water 


Log  Stress  (kpsi) 


Figure  5 
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ABSTRACT 

Recent  publicity  highlighting  potential  problems 
with  Kapton1  and  other  polylmide  bated 
inaulation*  haa  created  a  need  lor  an  improved 
inaulation  system  to  take  it*  place. 

Thi*  paper  endeavor*  to  provide  background  about 
the  concerns  and  a  summary  ol  ellorts  currently 
taking  place  to  create  hybrid  Insulations 
providing  the  superior  mechanical  durability  ol 
polylmide  insulations  with  the  arc  track  and 
environmental  perlormance  ol  lluorocarbon 
insulations. 


iraoouciw* 

Polylmide  based  insulations  as  described  in  MIL 
W  11381  and  similar  specillcations  have  been  In 
use  since  the  mid  I960*.  These  high  perlormance 
Insulations  have  been  used  extensively  la 
aerospace  applications  because  their  excellent 
thermal,  mechanical  and  dielectric  properties 
allow  space  and  weight  savings  over  other 
insulation  systems  ollering  comparable 
perlormance.  Over  the  years  polylmide  based 
insulation  systems  have  been  used  extensively  in 
most  major  military  and  commercial  aircraft 
programs. 

The  usual  construction  technique  lor  these 
Insulations  involves  wrapping  a  polylmide  Him 
around  the  conductor  in  two  or  more  layers. 
Because  polylmide  is  a  thermoset  material  the 
film  is  coated  with  a  thin  layer  ol  FEP,  a 
thermoplastic  fluoropolymer,  which  acts  as  m 
heat  sealable  adhesive  to  bond  the  layers 
together  and  lorm  a  continuous  insulation. 

The  basic  cause  lor  concern  has  come  Iron  nn 
unusual  phenomenon  called  carbon  arc  tracking, 
whereb*  a  damaged  bundle  ol  polylmide  insulated 
wires  stressed  with  an  overload  current  can  lorm 
a  conductive  carbon  path  In  the  insulation  and 
cause  a  short  circuit.  While  a  great  deal  ol 
disagreement  still  exists  as  to  whether  arc 
tracking  is  a  real  world  problem,  the  fact 
remains  that  the  Navy  and  Marines  have  banned 
polylmide  insulated  wire  or  cable  lor  new 
aircraft  construction  Including  the  F-14,  F-18 
and  the  AV-8B.  The  Air  Force  has  taken  a  more 
moderate  position  by  allowing  polylmide  on 


current  programs  including  the  F-15  and  F-16  but 
new  programs  may  only  us*  polylmide  insulations 
where  specifically  justified. 

Currently  the  only  reasonable  alternative  to 
polylmide  based  insulations  is  cross-linked 
Tefsel1  (XL-ETFE)  as  described  in  MIL  W 
32759/32-35,41-46  and  related  specifications. 
XL-ETFE  is  acknowledged  to  have  advantages  over 
polylmide  in  arc  track  resistance,  handling  and 
resistance  to  some  fluids  but  the  high 
temperature  properties  ol  XL-ETFE  may  be  too 
marginal  to  be  a  direct  replacement  lor 
polylmide  even  though  both  are  rated  At 
200°C.  Since,  however,  XL-ETFE  is  the  closest 
in  site,  weight  and  performance  that  has 
military  approval  it  is  being  used  in  all  new 
Navy  aircraft  and  is  the  only  realistic 
candidate  lor  other  military  aircraft  forced 
away  from  polylmide  based  insulations. 

Because  of  the  gap  In  performance  botween  these 
insulations  it  quickly  became  apparent  that  a 
new  insulation  design  ollering  an  Improved 
balance  of  performance  would  be  highly 
desirable.  To  date,  hybrid  insulation  systems 
have  been  considered  the  most  practical  approach 
to  this  development  since  a  breakthrough  in 
material  chemistry  is  believed  to  be  necessary 
to  produce  a  single  material  insulation  capable 
ol  the  necessary  performance. 

Hybrid  insulation  systems  or*  not  a  new  idea. 
There  are  composites  or  hybrids  specified  in  MIL 
W  22759,  25038,  81044,  and  large  gauge  81381. 
What  is  new  about  the  combinations  currently 
being  evaluated  are  the  specific  materials  and 
insulation  thicknesses  along  with  the 
performance  gains  being  sought. 


A  combination  ol  ellorts  by  airframe 
manufacturers,  material  manufacturers  and  wire 
processors  have  generated  several  candidate 
insulation  systems  likely  to  yield  a  more  ideal 
balance  of  performance.  These  constructions 
generally  consist  of  multiple  layers  of 
polylmide  film  and  fluoroplastlcs  like  PFA,  TFE 
or  XL-ETFE.  They  are  Intended  to  combine  the 
best  properties  ol  the  polylmide  with  the  arc 
track  resistance  and  other  advantages  of  the 
fluoropolymers. 
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The  common  goal  tor  all  development  ^rogra**  1* 
to  eliminate  th«  potentlel  of  carbon  an 
tracking,  Secondary  goals  Include  performance 
Improvements  in  th*  following  are**: 

*■  environmental  -  forced  hydrolysis 

*  environmental  -  UV  resistance 

*  stiffness/springback 

*  topcoat  chipping  and  pealing 

Areas  o£  Improvement  over  th*  Col  lowing  XL-trrc 
performance  areas  are  being  sought  ini 

*  weight 

*  d lane ter 

*  elevated  teieparature  performance 

-  cut  through 

-  deformation 

The  Insulation  systems  under  development 
generally  consist  of  multiple  layers  of 
polyimlde  film  and  fluoropolymera  such  as  FrA, 
♦FE  or  XL-ETFE.  The  approaches  being  taken  are 
varied  and  th*  resulting  Insulations  yield 
somewhat  different  handling  and  performance 
characteristics.  All  of  the  insulations 
currently  being  evaluated  at  this  time,  however, 
are  substantially  more  arc  crack  resistant  than 
Mil.  M  imi  type  polyimlde  insulations  and  offer 
Improved  durability  over  XL-ETFE  Insulations. 

It  has  been  found  that  an  Insulation  containing 
polyimlde  can  be  as  arc  track  resistant  as  an 
all  fluorocarbon  insulation  If  It  contain*  th* 
correct  percentage  of  fluorocarbon.  The  type  of 
fluorocarbon  used  in  an  Insulation  combined  with 
th*  relative  thickness  and  placement  of  th* 
layers  can  also  affect  its  arc  track 
resistance.  It  Is  generally  theorised  that  th* 
fluorocarbon  layer(s)  tend  to  guonch  an  arc  In 
th*  polyimlde.  Fluoropolymers  such  as  FEP  or 
non  cross-linked  tire  are  considered  less 
desirable  because  they  are  more  apt  to  melt 
during  the  process  of  hrclng  thus  exposing  more 
polyimlde  as  fuel  for  the  arc  tracking. 

Millie  the  inclusion  of  a  polyimlde  layer  will 
tend  to  increase  Insulation  stiffness  It  greatly 
Increases  mechanical  toughness.  Dynamic  cut 
through  resistance  Is  significantly  improved 
throughout  th*  rated  temperature  rang*  of  th* 
wire.  Th*  relative  placement  of  this  layer  can 
affect  th*  performance  of  a  particular 
Insulation  design  however  as  a  group  the 
polylmlde/fluorocarbon  hybrid  insulations  are 
several  times  nor*  cut  through  resistant  at  150 
and  200°C  than  egulvalent  XL-ETFE 
Insulations.  To  add  perspective  to  this  lnvel 
of  performance  these  hybrids  generate 
approximately  50-75\  of  th*  cut  through 
resistance  of  th*  very  tough  MIL  W  81381 
polyimlde  insulations  throughout  th*  rated 
temperature  range. 


There  are  several  activities  currently  underway 
whose  purpose  It  Is  to  define  more  Ideal 
insulation  systems  for  aircraft  applications. 
They  include  th*  following. 

KEJiLlMXJCaEft* 

This  group  Is  a  subcommittee  of  th*  High 
Temperature  Insulations  Committee  of  th* 
national  Electrical  Manufacturers  Associa¬ 
tion.  Its  membership  Includes  wire  and  cable 
producers  as  well  as  material  manufacturers. 
The  purpose  of  the  MEMA  task  force  Is  to 
design  and  test  new  constructions  and  writ* 
military  specifications  for  th*  best 
insulation  candidate!*).  Only  materials  used 
In  current  military  specifications  are  being 
considered  because  their  known  thermal  aging 
and  other  long  term  performance 
characteristic*  will  make  them  more  acceptable 
In  th*  short  term.  Th*  group's  activities  are 
sanctioned  by  th*  Air  Force  who  recognises  an 
Immediate  need  for  an  alternative. 

During  tho  design  phase  several  candidate 
constructions  were  generated.  These  were  then 
reduced  to  three  on  th*  basis  of 
reproducabllity  in  manufacture  and  overall 
anticipated  performance.  Two  of  th* 
insulations  are  two  layer  polyimlde/ 
fluorocarbon  constructions  (Figure  1).  Th* 
third  insulation  system  is  a  three  layer 
fluorocaibon/polju.sid*/fluorocarbon 
construction  (Figure  2). 


figure  Polvlmlde/Fluorocarbon  Insulation 


figure  2  Fluorocarbon/Polvlmlde/Fluorocarbon 

Insulation 
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The  three  candidate*,  aa  wall  n*  baaalina 
samples  of  Kit.  M  11311  (polylmld#)  and  Hit.  H 
22759  (cross-linked  STrc).  war*  produced  by  at 
least  two  participants  and  entered  Into  a  five 
laboratory  round  robin  test  program. 

Tha  evaluation  will  be  performed  on  thir  and 
medium  wall  thickness  versions  of  each  design. 

Tests  involving  critical  performance  areas 
Included! 

*  Diameter 

*  Haight 

*  Hall  Thickness  and  Concentricity 

*  Dry  Arc  Resistance 

*  Insulation  Shrinkage 

*  Abrasion  Resistance 

*  Cold  Bend 

*  Dynamic  Cut  Through 

*  Notch  Propagation 

*  Stiffness  and  Springback 

*  Heat  Aging 

*  Cross-link  Proof 

At  the  time  of  the  writing  of  this  paper  the 
round  robin  testing  was  not  yet  completed.  It 
Is  anticipated  that  the  participants  will  have 
finished  their  round  robin  testing  and 
reported  the  test  results  to  the  Air  Pore*  by 
the  time  it  is  published. 

The  testing  done  in  this  program  will  be 
particularly  important  because  It  Is  tha  first 
time  this  type  of  hybrid  Insulation  system 
will  have  had  the  benefit  of  round  robin 
testing.  Single  lab  bias  will  be  eliminated 
and  the  credibility  of  the  resulting  test  data 
will  be  enhanced. 

lAcXhtfilLlOttJUJa 

Several  months  ago  Lockheed  ran  a  teat  program 
to  evaluate  hybrid  insulation  samples  of 
various  designs  from  several  Manufacturers. 
Arc  track  resistance  and  the  ability  to  pass  a 
stringent  hot  air  Impingement  test  were  key. 
For  this  phase  of  the  program  the  dry  arc 
track  testing  was  performed  on  a  qualitative 
basis.  From  the  Initial  round  they  selected 
the  following  design  (Figure  3): 


lmutlatiaa 


To  test  the  reproducabillty  of  the  the  design 
and  its  performance  Lockheed  asked  all  of  the 
participating  processors  to  manufacture  the 
selected  design.  A  second  round  of  testing  Is 
under  way  to  evaluate  the  repeatability  of  the 
results.  In  this  case  dry  arc  track  testing 
is  being  performed  on  a  quantitative  basis. 
The  relative  arc  track  resistance  of  an 
insulation  rystem  will  be  given  strong 
consideration  in  the  design  optimisation 
process. 

Air  Force  Test  Program 

The  Air  Force  has  appropriated  *750,000  to 
fund  a  comprehensive  airframe  wire  and  cable 
test  program.  McDonnell  Aircraft  was  selected 
from  several  candidates  to  run  the  extensive 
analysis.  The  program  will  test  ten  of  the 
most  promising  hybrid  constructions  against 
XL-rrrR  and  polylmld*  baseline  insulations 
over  a  period  of  twenty  months. 

Constructions  were  selected  for  testing  from 
candidates  presented  at  an  Insulators 
conference  held  at  McDonnell  Aircraft  In 
February  of  this  year.  Participants  Included 
Champlain  Cable,  Ksrcel,  Brand  Res,  DuPont, 
Core,  Independent,  HEMA,  Teledyne  Thermatlcs 
and  Tensollt*.  Champlain  was  fortunate  enough 
to  have  a  candidate  selected.  He  also 
produced  on*  of  the  two  HEMA  candidate 
Insulations  selected  for  the  test  program. 

Most  of  the  selected  constructions  are  similar 
to  those  illustrated  for  the  HEMA  and  Lockheed 
programs.  Additionally  two  newly  developed 
materials  will  participate  In  the  evaluation. 
The  first  is  a  high  strength,  crush  reslstsnt 
TFE  insulation.  The  second  new  material  Is  a 
polylmld*  Insulation  whose  chemistry  has  b-jen 
modified  to  be  arc  track  resistant. 

As  in  the  NEMA  program  thin  and  medium  wall 
thickness  versions  of  each  design  will  be 
evaluated.  Additionally,  cables  manufactured 

with  the  thin  wall  version  of  these 

constructions  will  be  tested.  MIL  H  81381  and 
22759  wire  as  well  as  related  cables  are  also 
Included  to  provide  baseline  performance 

information. 

This  evaluation  will  take  place  In  two 
stages.  The  first  stage  will  Include  a 
battery  of  screening  tests  to  narrow  the  field 
of  new  constructions  from  ton  to  four.  These 
tests  are  expected  include  most  of  those 
present  In  the  HEMA  program  and  may  Include 
additional  tests  such  as  flex  life, 

flammability,  toxicity  and  fluid  immersion. 

The  second  stage  will  compare  the  final  four 
candidates  against  the  baseline  constructions 
In  a  much  mor*  exhaustive  battery  of  tests. 
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In  addition  to  tha  taat*  carried  out  in  the 
screening  portion  of  tha  program  tha  following 
taata  era  among  thoaa  planned! 

*  Thermal  Index 

*  Corona  Inception  and  extinction 

*  Surface  Resistance 

*  Tina/Currant  to  Smoke 

*  Hat  Arc  Tracking 

*  Hydrolysis 

*  Humidity  Resistance 

*  Propellant  Resistance 

*  Impact  and  Crush  Resistance 

*  Hire  Surface  Markabillty 

Prior  to  the  initiation  of  the  tasting 
McDonnell  Aircraft  and  the  Air  rorca  are 
working  to  define  and  justify  minimum 
performance  criteria  for  each  of  the  tests. 

They  are  also  developing  a  comprehensive 
system  of  ranking  the  insulation  candidates 
based  upon  the  relative  Importance  of  each 
performance  attribute. 

Because  of  ti.-a  stature  of  this  test  program 
and  because  It  seems  to  include  the  best 
efforts  of  other  programs  it  may  overshadow 
the  Lockheed  and  HEKA  efforts.  It  is  getting 
considerable  attention  and  the  results  will 
probably  be  instrumental  in  the  determination 
of  the  next  generation  of  military  aerospace 
wiring. 


CPHCWSIGH 


Richard  C.  Hawkins 
Champlain  Cable  Corp. 
P.0.  Box  7 
Winooski,  VT  05104 


The  ground  rules  for  designing  aircraft  wiring 
Insulation  systems  are  evolving.  Mora  and  more 
critical  performance  areas  are  being  identified 
which  are  changing  the  balance  of  properties 
required  for  today's  wire  and  cable. 
Significant  design  and  test  efforts  by  wire  and 
cable  producers  as  well  as  the  Air  Force, 
McDonnell  Douglas,  Lockheed  and  others  are  aimed 
at  developing  the  next  generation  of  aircraft 
wire.  The  leading  contenders  are  arc  track 
resistant  hybrid  insulations  combining  layers  of 
fluoropolymer  and  polylaide  as  well  as  a  newly 
developed  chemically  modified  arc  track 
resistant  polylmide. 


Richard  Hawkins  is  the  Advanced 
Applications  Engineering  manager  at 
Champlain  Cable  Corp.  in  Winooski, 
VT.  He  has  worked  in  the  wire 
industry  for  15  years,  12  of  which 
have  bean  with  Champlain  Cable  in 
various  manufacturing  management  and 
engineering  positions.  He  is  a  1971 
graduate  of  northeastern  University 
with  a  degree  in  Industrial 
Engineering. 
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SINGLE  AND  MULTIMODE  TACTICAL  CABLE  ASSEMBLIES 


0.  V,  Darden.  K,  KaUilrc.ian,  I).  G.  LePevre 
AT&T  Dell  Laboratories,  Norcross,  GA  300? I 

4. 13.  Fluevog 

AT&T  Network  Systems,  Norcross,  GA  30071 
V.  E.  Kalomiris 

U.  S.  Army  CECOM,  Ft.  Monmouth.  NJ  077034202 


ABSTRACT 


The  design  ami  development  of  tactical  duplex  fiber 
optic  cable  assemblies,  Tor  both  multimode  and  single* 
mode  systems  operations,  have  been  completed. 
Development  effort  was  guided  by  detailed  design 
criteria  supplied  by  the  contracting  organisation,  the  U. 
S.  Army  CECOM.  A  completed  cable  assembly  consists 
of  a  l-kin  cable  containing  two  lightly  buffered 
multimode  or  single-mode  fibers  terminated  with 
duplex,  hermaphroditic  connectors.  A  radiation- 
hardened  multimode  fiber  was  developed  for  optimal 
operation  at  the  1300  nm  wavelength  region.  The 
Single-mode  fiber  is  a  standard  dcpressed-clad  design. 
Doth  cable  assemblies  arc  Identical  except  for  the  fiber, 
Increased  precision  of  the  biconle  components  for 
single-mode,  sleeve  retainer,  and  dust-cover  and  end  cap 
colors.  The  cable  has  a  C-imn  O.D.  and  a  |7SO-newtou 
tensile  rating.  The  connector,  whether  multimode  or 
single-mode,  is  less  than  I  cm.  in  diameter  and  a  mated 
pair  weights  Jess  than  600  grams,  including  dust  covers. 
Doth  cable  assemblies  arc  rated  for  operation  at 
temperatures  ranging  from  -55  *  C  to  S3  *  C. 


INTRODUCTION 

The  development  of  multimode  aud  single-mode  duplex 
cable  assemblies  for  use  In  severe  tactical  field 
environments  has  been  completed.  Multimode 
assemblies,  known  as  Tactical  Fiber  Optic  Cable 
Assemblies  (TFOCA)  will  be  used  in  the  Fiber  Optic 
Transmission  System-Long  Haul  (FOTS-LH)  program. 
Single-mode  assemblies  are  being  used  in  the  Single- 
Mode  Fiber  Optlr  Communications  System  (SIMFOCS). 
Technical  guidance  and  funding  were  provided  by  the 
U.  S.  Army  Communications-  Electronics  Command 
(CECOM)  and  the  U.  S.  Air  Force.  Each  cable 
assembly  was  designed  to  meet  stringent  specifics  ions 
imposed  by  the  contracting  agency.  A  completed  cable 
assembly  consists  of  a  I-km  cable  containing  two  tightly 
buffered  multimode  or  single-mode  fibers  terminnted 
with  duplex,  hermaphroditic  connectors.  A  radiation- 
hard  multimode  fiber  was  developed  for  optimal 
operation  at  the  _  1300  nm  wavelength  region.  The 
single-mode  fiber  is  a  standard  depressed-clad  design. 
Both  all-dielectric  cable  designs  arc  identical  except  for 
the  fiber.  The  cable  has  a  6-rom  O.D.  and  a  1780- 
newton  tensile  rating.  The  connector,  whether 
multimode  or  single-mode,  is  less  than  -1  cm  in  diameter 
and  a  mated  pair  weighs  less  than  COO  grams,  including 


dust  covers.  Doth  cable  assemblies  arc  rated  and  tested 
for  operation  at  temperatures  ranging  from  -55  *0  to 
85*  C. 


CABLE  ASSEMBLY  DESIGN 


The  cable  assemblies  were  designed  to  meet  stringent 
environmental  and  mechanical  test  requirements  (given 
in  Tabl»  I)  specified  by  the  contracting  agency.  Bath 
cable  assembly  designs  arc  similar  except  for  the  fiber 
and  some  design  Improvements  for  single-mode 
connectors.  TFOCA  uses  a  50/125  pm  radiation- 
hardened  multimode  fiber  and  the  SIMFOCS  assembly 
uses  standard  depressed-cladding  single-mode  fiber"1  w 
These  assemblies  are  designed  for  use  In  tactical 
environments.  While  the  primary  operational 
waveleng.h  for  both  assemblies  Is  the  1 300  nm  region, 
TFOCA  assemblies  can  be  operated  at  850  nm  and  DUX) 
nm,  and  SIMFOCS  assemblies  at  1310  nm  and  1550  nm 
wavelengths.  1,1  For  both  applications,  t Ac  fibers 
were  proof  tested  to  600  MPa  (100  ksl).  A  completed 
cable  assembly  is  illustrated  in  Figure  1.  A  cross- 
sectional  view  of  the  cable  and  an  illustration  of  the 
connector  arc  given  in  Figures  2  and  3,  respectively. 


Figure  1.  Tactical  Cable  Aaaninbly 
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EP0XY-0LA8S 
REWFORCEMENT  ROOS 

OUTER  POLYURETHANE  JACKET 

INNER  POLYURETHANE  JACKET 

BUFFERED  FIBER  (2),  COLOR  CODED, 
0.03*  In.  OD  (1  mm) 

COATEO  FIBER 
ARAMIO  YARN 


Figure  3.  Tactical  Cable  Cro#»  Section 


Figure  3.  Tactical  Connector 


TABLE  I.  LIST  OF  TESTS  FOR  ASSEMBLY 


OPTICAL  FIBER 


•  ATTENUATION 

•  TEMPERATURE  CYCLING 

•  IvUMIDITY 

•  STORAGB/TRANSIT 

•  ALTITUDE 

•  SALT  FOG 

•  WATER  IMMERSION 

•  TENSILE  STRENGTH 

•  FUNGUS 

•  VIBRATION 

•  SHOCK 


The  multimode  fiber  developed  for  TFOCA  is  a 
conventional  graded-index  design,  modified  for  radiation 
hardness.  The  nominal  characteristics  of  the  fiber  are 
as  follows: 

Fiber  outer  diameter:  126  pm 
Core  diameter:  60  /im 
Numerical  aperture:  0.23 


Attenuation  at  660  nrn: 

at  1300  nm: 


< 


2.8  dB/km 
0.8  dB/km 


Bandwidth  1300  nm: 
Proof  test  level: 


>  -100  MHz-km 
100  ksi 


The  radiation-hardened  fiber  meets  the  specification  for 
operation  under  the  environmental  conditions  required 
for  the  Fiber  Optic  Transmission  System-Long  Haul 
Program.  The  multimode  assemblies  were  tested  at 
both  850  nm  and  1C0O  nm  wavelengths. 
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The  single-mode  fiber  used  in  the  S1MFOCS  cubic 
assembly  to  »  standard  depressed-cladding  design  which 
hM  been  shown  to  h*vc  exceptions!  microbenoing  end 
macrobending  performance.  For  this  npplicntion.  the 
fiber*  were  proof  tested  to  890  Mi’*  (100  k*i).  Test* 
were  conducted  and  the  result*  arc  presented  only  at 
1310  nm  wavelength. 

Both  multimode  and  single-mode  Tiber  are  coated  with 
dual  acrylate  coatings  which  are  mechanically 
strippablc.  These  fibers  are  then  tight-buffered  to  a  1.0 
mm  (.039  inch}  diameter  with  a  polyrstcr  elastomer. 
The  buffering  materia!  to  also  mechanically  strippahle  In 
order  to  facilitate  termination  and  repair  in  the  field. 
The  buffering  material  was  chosen  to  minimise 
microbending  losses  Induced  by  exposure  of  the  cable  to 
temperature  extremes  required  by  the  design  criteria. 

Fiber  Performance 

All  the  fibers  were  tested  for  their  optical  and 
dimensional  requirements  before  being  used  in  the 
cable.  These  .cats  listed  In  Table  II,  include 
attenuation,  attenuation  uniformity,  cut-off  wavelength, 
mode-field  radius,  clad  and  coating  diameters,  core 
eccentricity,  etc.  Though  not  required  under  the 
development  program,  the  fibers  were  tested  far 
response  to  environmental  temperature  cycling.  The 
temperature  cycle  used  was: 

•  baseline  the  loss  measurements  through  multiple 
measurements  at  room  temperature,  25  *C. 

•  reduce  the  temperature  to  HO  *  C  and  dwell  d  least 
24  hour*  before  measurement, 

•  reduce  the  temperature  to  -55*C  and  dwell  at  least 
12  hours  before  measurement, 

•  return  to  room  temperature,  25 ‘C,  and  dwell  at 
least  12  hours  before  measurement, 

•  increase  the  temperature  to  71  *C  and  dwell  at  least 
12  hours  before  measurement, 

•  increase  the  temperature  to  85  *  C  ami  dwell  at  least 
24  hours  oefore  measurement, 

«  return  to  room  temperature,  2.5  "0,  and  dwell  at 
least  12  hours  before  measurement. 


TABLE  II.  LIST  OF  TESTS  FOB  FJBER 


•  ATTENUATION 

•  BANDWIDTH 

•  FIBER  PROOF  STRENGTH 

•  CORE/MODE-FIELD  DIAMETER 

•  CUT-OFF  WAVELENGTH 

•  CORE-CLADDING  INDEX  DIFFERENCE 

•  CORE  ECCENTRICITY 

•  CORE  OVALITY 

•  CLADDING  OUTER  DIAMETER 

•  COATING  OUTER  DIAMETER 

•  TEMPERATURE  CYCLING 


The  contracts  required  that  the  assemblies  and 
component*  be  subjected  to  three  temperature  cycle* 
described  above.  Instead,  the  sample*  were  subjected 
to  five  temperature  cycles.  The  design  requirement  of 
temperature  extremes  to  from  -48' C  to  71  *C.  The 
temperature  range  was  extended  lo-55*C  and  85  *C  to 
investigate  the  performance  at,  more  stringent 
temperatures.  The  performance  of  the  single-mode 
fibers  for  the  temperature  cycles  to  presented  in  Figure 
4.  The  fibers  show  excellent  performance  with  a 
maximum  added  loss  of  0.05  dO/km. 

Buffered  Fiber  Performance 

Rcquircmep'  for  buffered  fiber*  included  dlmemional 
requirement  ;n  the  outer  diameter  and  concentricity  of 
the  fiber.  Every  buffered  fiber  used  in  the  cables  was 
screened  for  these  dimensions)  requirements.  Though 
not  required,  the  buffered  fibers  were  also  tested  for 
response  to  temperature  cycling.  The  result*  of  this 
test,  which  use*  the  same  cycle  described  in  the  fiber 
section,  art  given  in  Figure  5.  The  buffered  fiber*  were 
also  subjected  to  an  accelerated-aging  test  which 
simulates  the  use  of  this  buffered  fiber  (and  the  cable  in 
general)  at  85  *C  for  the  design  life  or  30  year*.  Th 
accelerated  aging  test  consists  of  exposure  of  tL* 
material*  to  110*C  for  10  da}**.  This  lime-temperature 
relationship  was  arrived  at  by  using  viscoelastic 
principles.  The  excellent  accclerstcd-agtng  performance 
of  the  buffered  fiber*  to  Illustrated  In  Figure  6.  After 
the  completion  of  the  accelcrated.aging  lest,  further 
testing  was  continued  with  temperature  cycling  between 
-75 *C  and  100*  C.  The  result*  of  this  temperature 
cycling  are  also  presented  in  Figure  8  and  again  show 
the  excellent  performance  of  the  buffered  fibers. 


CABLE  DESIGN 


The  cable  structure  provides  a  range  of  physical 
characteristics  required  for  tactical  deployment  while 
maintaining  the  optical  performance  detailed  above. 
Optical,  mechanical,  and  environmental  cable  test 
requirements  are  listed  in  Tabic  III. 

The  cable  design  to  all-dielectric,  0  mm  in  diameter,  and 
weighs  about  32  kg/km.  It  has  a  1780-Newton  tensile 
load  rating.  The  design  evolved  through  a  program  of 
prototyping  and  testing  in  which  key  parameters  were 
varied  in  order  to  meet  or  surpass  the  requirements. 

The  cable  construction  consists  of  two  fibers,  either 
radiation-hardened  multimode  or  single-mode,  buffered 
to  a  diameter  of  1.0  nun  as  shown  In  Figure  2.  The 
buffering  material  to  a  polyester  elastomer  and  to  color 
coded  for  fiber  identification  purposes.  Two  fibers  are 
stranded  together,  forming  the  center  core  of  the  cable. 
Around  the  two  fibers,  two  layers  of  aramld  yarn  arc 
applied  with  opposite  lay  directions.  The  jacket  to 
formed  directly  over  the  yarn  from  two  extrusions  of 
polyurethane  with  four  embedded  epoxy-glass  rods. 
The  final  cable  diameter  to  0.0  inm. 

Cable  Performance 

The  multimode  cable  was  designed  to  operate  over  the 
range  -46  *C  tr  71  *C  with  less  than  0.5  dB/km  Increase 
in  attenuation  at  either  850  or  1300  nm.  This 
performance  of  the  cable  over  the  required  temperature 
range  using  the  temperature  cycle  previously  described 
is  shown  in  Figure  7.  As  the  figure  shows,  the  cable  not 
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TABLE  m.  LIST  OF  TESTS  FOR  CABLE 


Figure  4.  SIMFOCS  Fiber  Temperature  Cycling 
Teat  Reeult 


Figure  S.  SIMFOCS  Buffered  Fiber  Temperature 
Cycling  Test  Reeult 


«ooooooooootnwan» 

T£MMAATU*C,»C 


O  «•  N  lft««KB(|Or^nt! 

NO.  OF  OAYS 

Figure  0.  SIMFOCS  Buffered  Fiber  Accelerated 
Aging  Teat  Reault 


e  ATTENUATION 
e  ALL-DIELECTRIC 
e  TIGHT  BUFFERED 
e  CABLE  DIAMETER 
e  CABLE  DIAMETER 
e  CABLE  WEIGHT 
e  TEMPERATURE  CYCLING 
e  LONG  TERM  AGING 
e  FLAMMABILITY 
e  RADIANT  HEAT 
e  OPERATING  TENSILE  LOADING 
e  TENSILE  STRENGTH 
a  COLD  BEND 
a  IMPACT 
a  KNOT 

a  COMPRESSION 
a  CYCLIC  FLEXING 
a  TWIST  BEND 

a  FREEZING  WATER  IMMERSION 
a  CORNER  BEND 


only  perform*  for  the  required  -40 *C  to  ?!  ’C  range, 
but  also  for  the  extended  range  or  -55  *  C  to  85  *  C. 

Single-mode  cable*,  m  a  component  of  the  SIMFOCS 
aaaci  bly,  were  al*o  subjected  to  a  battery  of  optical, 
environmental,  and  mechanical  teat*.  The  mean  optical 
loa*  wa*  0.4  dB/km  at  1310  nm.  showing  that  there  was 
basically  no  added  loes  due  to  the  buffering  and  cabling 
processes  for  these  cables.  The  cable  was  designed  for  a 
temperature  range  of  -40  *C  to  71  *C,  and  the 
evaluation  w*»  extended  to  -55' C  and  80 *C  as 
mentioned  before.  The  results  of  temperature  cycling  of 
U.  te  samples  of  1-kin  lengths  are  presented  in  Figure  8. 
The  cables  pass  the  requirement  of  0.3  dB/km 
maximum  added  loss  for  three  temperature  cycles 
between  -46 ’C  and  71*  C.  The  cable  also  passes  the 
requirement  for  five  temperature  cycles  between  -55  *C 
and  80  *C.  The  maximum  of  mean  added  loss  was  at 
-55 'C  and  was  less  than  0.15  dB/km.  As  a  comparison, 
the  multimode  TFOCA  coble  had  an  added  mean  loss  of 
less  than  0.2  dB/km  as  opposed  to  the  requirement  of 
0.5  dB/kin  between  -55  *C  and  85  *C.  This  establishes 
that  the  basic  cable  design  is  applicable  for  both 
multimode  and  single-mode  fibers. 

The  results  of  accelerated  aging  testing  of  three  0.5  km 
lengths  of  single-mode  cables  are  presented  in  Figure  0, 
This  figure,  again,  shows  excellent  performance  of  the 
cable  not  only  for  the  accelerated  aging  test,  but  also 
for  the  unrequired  temperature  cycling  between  -75  *  C 
and  100  *C.  The  temperature  cycling  between  -75  *C 
and  100  C  was  added  to  this  aging  test  just  to  study 
the  performance  beyond  the  cable’s  design  limits. 
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Figure  7.  TFOCA  Cable  Temperature  Cycling  Test  Result 
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Figure  8.  SIMFOCS  Cable  Temperature  Cycling  Test  Result 
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Figure  «.  SIMFOCS  Cable  Accelerated  Aging 
Test  Result 

The  multimode  ami  single-mode  cables  were  also 
subjected  to  an  extensive  list  of  mechanical  tests. 
Results  or  the  mechanical  tests  can  le  found  In 
References  3  and  4. 


DUPLEX  CONNECTOR  DESIGN 


TABLE  IV.  LIST  OF  TESTS  FOR 
CONNECTOR 

•  ATTENUATION 

•  SIZE 

•  WEIGHT 

•  HIGH  TEMPERATURE 

•  LOW  TEMPERATURE 

•  THERMAL  SHOCK 

•  CROSSTALK 

•  HUMIDITY 

•  ROTATION 

•  SHOCK  DROP 

•  SHOCK 

•  VIBRATION 

•  MATING  DURABILITY 

•  SALT  FOG 

•  WATER  IMMERSION 

•  DUST 

•  CABLE  RETENSION 

•  FLEX  LIFE 

•  TWIST 

•  MUD 


The  tac*' 
embodtr. 
manufac 
several  s- 
then  It  has 


connector  *  a  hermaphroditic  duplex 
AT&T’s  btconlc  connector.  Large-scale 
\  installation  of  the  blconlc  connector  in 
configurations  began  in  1979.  Since 
viidi  .«  ..i  'lied  to  join  about  three  million  cable 

ends.  Many  connect!*1  ^  have  been  In  stable  continuous 
operation  with  consistent  performance  since  1979  in  a 
variety  of  environmental  circumstances. 

In  the  duplex-configured  connector, one  of  the  two 
fiber  channels  terminates  with  a  biconic  alignment 
sleeve  and  the  other  with  a  plug.  The  connector  is 
rugged,  waterproof,  ar.d  resistant  to  the  stringent 
environment  typical  of  tactical  military  applications.  It 
meets  the  mechanical  and  environmental  requirements 
supplied  by  the  U.  S.  Army  CECOM  in  the  contractual 
statements  of  work.  The  requirements  are  listed  in 
Table  IV. 


The  connector,  shown  in  Figure  3,  is  less  than  4  cm.  in 
diameter,  and  a  mated  pair  weighs  under  600  grams, 
including  dust  covers.  A  companion  bulkhead 
receptacle,  EMI-rated  for  frequencies  from  10  kHx  to  12 
GHx,  was  developed  for  the  system  and  shares  a 
common  hermaphroditic  interface.  Hence,  any  cable 
end  will  mate  with  any  other  or  with  a  receptacle. 
Geometric  alignment  and  orientation  features  on  the 
front  face  preclude  mismating  connectors,  provide  a 
hermaphroditic  profile,  and  protect  the  biconic 
components  during  impact. 

The  connector  is  joined  to  a  cable  by  capturing  the 
aramid  yarn  used  in  cables  with  a  special  steel  retention 
assembly  easily  put  together  without  special  tools.  No 
adhesive  is  used  in  the  cable  termination  operation.  At 
final  connector  assembly,  the  cable-retainer  is 


sandwiched  between  tb»  connector  shell  and  end  cap. 
Thus,  any  subsequent  cable  tension  Is  transferred  to  the 
metal  shell. 

A  metal  shell  encloses  the  fiber  termini  assembly.  It 
also  provides  storage  space  for  slack  fiber  tmd  retains 
the  cable-termination  hardware.  A  frte-"  ring, 
threaded  coupling  nut  tightens  the  joint  betwv  two 
connectors  or  between  a  connector  and  receptacle.  The 
connector  shell  and  coupling  nut  are  designed  to 
elastically  withstand  400-pounds  tension  across  a 
connection. 

All  possible  water  leak  paths  into  the  connector  are 
blocked  by  elastomeric  seals,  and  a  hermaphroditic  dust 
cover  prevents  wav  ir  or  dust  entry  into  an  unmated 
connector. 

Cleanliness  is  essential  to  a  repeatable  low-loss 
lightguide  connection,  and  a  significant  attribute  of  the 
duplex  connector  is  that  it  is  easy  to  clean.  After 
soaking  an  uncovered  connector  in  mud,  it  is  necessary 
merely  to  rinse  it  in  a  pail  of  water  and  to  wipe  the 
biconic  components  dry  in  order  to  restore  unaffected 
optical  transmission.  No  special  cleaning  kit  is  required. 

A  dust  cover  is  provided  to  prevent  water  or  dust  entry 
into  an  unmated  connector.  The  cover  is  also 
hermaphroditic  so  that  when  two  connectors  are  mated, 
their  respective  dust  covers  can  be  similarly  mated  to 
prevent  contamination.  A  lanyard  prevents  inadvertent 
separation  of  the  connector  nnd  cover.  All  outer  metal 
components  of  the  connector  and  receptacle  xre  either 
die-cast  or  wrought  aluminum  with  an  olive  drab 
cadmium  finish  for  appearance  and  corrosion  resistance. 
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The  dust-cover  shell  and  end  op  of  the  SIMFOCS  unit 
are  yellow  to  visually  distinguish  it  from  the  all-olive 
dob  TFOCA  connector.  The  single-mode  front  face 
differ*  intentionally  from  the  corresponding  TFOCA 
part  to  mechanically  prevent  the  Inadvertent  mating  of 
single-mode  and  multimode  connector*.  Another  crucial 
but  somewhat  imperceptible  difference  between  the 
design*  is  the  increased  precision  of  the  biconic 
components  required  for  the  single-mode  application. 

Except  for  the  sleeve  retainer  and  the  two  yellow  parts 
mentioned  above,  all  hardware  is  common  between  the 
TFOCA  and  SIMFOCS  designs. 

Connector  Performance 

The  primary  design  objective*  of  the  duplex  connector 
are  low  coupling  loss  and  field  ruggedness.  The  unit  is 
required  to  remain  optically  and  mechanically 
functional  under  environmental  and  mechanical 
exposures  typical  of  tactical  Held  applications.  Tests 
were  conducted  to  evaluate  performance  with  respect  to 
the  requirements  listed  in  Table  IV.  Some  of  the  tests 
are  reviewed  and  the  results  summarized  in  the 
following  paragraphs. 

Multimode  Coupling  Loss 

Coupling-lots  measurements  were  made  by 
concatenating  pairs  of  plug  terminated  1-km  cables 
randomly  selected  from  a  group  of  2d.  The  coupling 
lots  was  derived  by  subtracting  the  cabled-fiber 
attenuation  from  thai  of  the  measured  assembly.  For 
32  couplings  (61  channels)  the  mean  loss  and  standard 
deviation  were  0.66  dB  and  0.10  dB,  respectively. 


Single- mode  Coupling  Lott 

Using  the  same  technique  as  for  multimode,  for  60 
couplings  (120  channels)  the  mean  loss  and  standard 
deviation  were  0.67  dB  and  0.24  dB,  respectively,  as 
shown  in  Figure  10. 

Connector-loes  measurements  were  also  made  using  the 
cut-and-insert  method  per  EIA  Fiber  Optic  Test 
Procedure  No.  3d  on  four  12-m  long  cables.  Average 
loss  was  0.55  dB  with  standard  deviation  of  0.11  dB. 

Single-Mode  Mating  Durability 

This  test  was  conducted  to  determine  the  mechanical 
durability  of  the  connector  assemblies  as  a  result  of 
1000  coupling  cycles.  The  failure  criteria  include* 
visible  physical  damage  as  well  as  optical  malfunction. 
Loss  readings  were  made  at  increments  of  SO  matings. 
At  the  conclusion  of  the  test,  the  loss  in  each  channel 
was  within  0.00  dB  of  the  Initial  baseline  rerding*.  The 
maximum  loss  increase  observed  during  the  test  was 
0.2d  dB.  The  connector*  were  cleaned  once  after  750 
matings. 

Single-Mode  Mud  Immersion 

The  connector  was  designed  to  allow  quick  access  to  the 
biconic  components  so  they  can  be  easily  cleaned  after 
mud  immersion.  This  aspect  of  the  design  was 
evaluated  by  subjecting  a  connector  pair  to  10  cycle*  of 
the  following  sequence: 

a.  decouple  and  immerse  each  end  in  a  mud  bath  for  5 
minutes 

b.  water  rinse,  wipe  clean,  and  air  dry 

c.  recouple  and  measure  loss 

The  maximum  observed  loss  change  was  0.13  dB. 


toss  (SB) 


Figure  10.  SIMFOCS  Connector  Coupling  Loss 


654  International  Wire  &  Cable  Symposium  Proceedings  1989 


CABLE  ASSEMBLY  PERFORMANCE 


The  1-km  lout  cubic  assemblies,  Including  connector*, 
are  required  to  be  subjected  to  a  buttery  of 
environmental  and  mechanical  tests  to  insure  reliable 
rformancc  in  the  tactical  field  environment.  Table  I 
t*  the  testa.  Some  of  the  results  are  summarised 
below. 

Attenuation 

Attenuation  measurements  by  concatenation  of  TFOC/\ 
and  SIMFOCS  assemblies  were  made  and  the  results  are 
presented  in  Figures  11  and  13. 

TFOCA  -  Pairs  of  I-km  cable*  were  randomly 
selected  and  concatenated.  For  73  bidirectional 
couplings  (144  channels)  the  mean  k*t  and 
standard  deviation  at  1300  nm  wavelength  were 
1.3%  dB  and  0.33  dB,  respectively,  a*,  shown  in 
Figure  It. 

SIMFOCS  -  Pairs  of  i-km  cables  were  randomly 
selected  from  a  group  of  16  and  concatenated. 
Figure  13  shows  that  for  64  couplings  (136 
channels)  the  mean  loss  and  standard  deviation 
at  1310  nm  wavelength  were  1.06  dB  and  0.33 
dB,  respectively. 

For  comparative  purposes,  design  transmission  loss 
targets  were  3.8  dB  for  multimode  and  1.4  dB  for 
single-mode  cable  assemblies. 

SIMFOCS  Stonge  and  Transit  Temperature 

The  cable  assembly  was  exposed  to  temperature 
extremes  from  -%5’C  to  8%*C  to  determine  whether 
advene  effects  would  result  from  storage  and  transit 
environments.  Maximum  loss  increase  observed  was 
0.00  dB. 


Immersion 

The  TFOCA  and  SIMFOCS  cable  assemblies  were 
immersed  in  a  tank  with  one  meter  of  wattr  covering 
the  units  for  130  houn,  and  no  leakage  was  observed. 


CONCLUSIONS 

The  duplex  tactical  cable  assemblies  described  herein 
meei  the  requirements  prescribed  by  the  project 
sponsor,  the  0.  S.  Army  CECOM.  At  the  1300  nm 
wavclenyth  region,  average  cable  assembly  loss  of  1.35 
dB  and  1.06  dB  for  multimode  and  single-mode, 
respectively,  are  well  below  the  transmission  loss 
targets.  Low-loss  fiber,  cable,  and  connector  designs 
have  been  integrated  successfully  into  the  assemblies. 

By  designing  the  basic  cable  assembly  to  accommodate 
both  types  of  fiber,  5*^125  /im  multimode  and  single- 
mode,  considerable  development  time  and  expense  was 
conserved. 


ACKNOWLEDGEMENTS 


The  authors  gratefully  acknowledge  the  support  and 
contributions  of  several  members  of  AT&T  Bell 
Laboratories  anti  AT&T  Network  System*. 


LOSS  (dB) 

Figure  11.  TFOCA  Cable  Assembly  Attenustion 
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Figure  12.  SIMFOCS  Cable  Assembly  Attenuation 
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ABSTRACT 

An  synchronous  high-speed  fiber  optle  local  area  network  U 
described  that  supports  ordinary  data  packet  traffic  simultaneously 
with  synchronous  Tl  vole*  traffic  over  a  common  FOOI  token  ring 
channel.  A  voice  Interface  module  w»s  developed  that  parses,  buff¬ 
ers,  and  rcsynchronltes  the  voice  data  to  the  packet  network.  The 
transmission  medium  consisted  of  nrggcdfcetl  50/l2J-pm  multi¬ 
mode  optical  fiber  cables  and  connectors.  S.J-pm  optical  com¬ 
ponent*  were  used  for  data  transmission  and  multiplexing. 


are  In  turn  being  continuously  filled/emptied.  respectively,  by  two 
Identical  pipes.  As  long  as  the  net  volume  of  water  (bits)  that  Is 
passed  through  the  system  remains  constant  (Nrl  ■  Np  ■  Nro),  no 
Information  will  be  lost.  Equilibrium  will  be  guaranteed  If  the  packet 
arrival  rate  Is  boundtd  (dtiermlnbtlc).  Many  system  configurations 
exist  that  satisfy  this  boundary  condition;  for  example,  the  buckets 
may  be  made  larger  and  passed  with  less  frequency,  or  the  barrels 
may  be  made  larger  to  tolerate  greater  fluctuations  In  load. 
Generally,  the  double  elastic  buffer  can  be  configured  to  minimise 
latency  or  maximally  smooth  network  load  varlatlons-but  nos  both. 


t.  INTRODUCTION 

Many  different  protocol  strategies  have  been  proposed  over 
the  past  few  years  for  combining  data,  voice,  video,  and  other  forms 
of  real-time  traffic  onto  one  local  area  network  (LAN).  These  range 
from  highly  synchronous  protocols  dedicating  Isolated  channels  for 
the  real-time  service  via  TDM  1 1)  and  Wavelength  Division  Multi¬ 
plexing  (WDM)  (2.3)  to  complex  reservation  bit  schemes  using  a 
single  common  packet  channel  (4).  However,  mo>l  real-time  ser¬ 
vices,  sucti  as  voice  or  video,  require  bandwidth  significantly  beyond 
lire  few  Mbit/s  capacity  of  most  of  these  LANs,  and  furthermore, 
few  of  these  protocols  will  provide  high  efficiency  at  higher  data 
rates  ($)  should  technology  permit  futher  growth  in  the  future.  The 
proposed  Fiber  (Optic)  Distributed  Data  Interface  (FDDI)  standard 
(6),  which  has  a  highly  deterministic  dual-counter- rotating  token 
ring  topology,  possesses  enough  bandwidth  to  support  up  to  S00 
voice  channels  or  perhaps  1-2  digitbed  video  channels,  and  Is 
therefore  one  promising  candidate  for  real-time  networks.  A  sur¬ 
rogate  commercially  available  token  ring  running  at  SO  Mbit/s  |7| 
was  used  for  an  initial  proof-of-eonccpt  laboratory  demonstration. 
Tlie  fiber  optic  components  were  based  on  1.3-pm  technology,  In¬ 
cluding  J0/125-pm  multi-mode  optical  fiber,  dual-fiber  ruggediced 
connectors,  ani  LED  sources  and  PIN  photodiode  detectors.  The 
network  voice  interface  was  desiened  to  be  compatible  with  standard 
Tl  transmission  channels,  using  private  automatic  branch  exchange 
(PABX)  equipment  for  telephone  call  sewn  and  switching  functions. 

II.  NETWORK  ARCHITECTURE 

A.  Voice  Transmission  Strategy 

The  network  voice  interface  module  (VIM)  is  based  on 
double  elastic  bulletins,  at  both  the  network  input  and  ouiput  ports. 
This  approach  is  illustrated  In  Fig.  I.  by  drawing  an  analogy  to  a  fire 
bucket  brigate  between  two  rain  barrels.  The  input/output  barrels 


PCAl-TIMe  PACKET  NCTWOIVK  MAI-TIME 


Fig.  I 

Double  elastic  buffering  for  transporting  real-time  voice  traffic 
across  asynchronous  local  networks.  Note  that  for  steady  state 
operation:  Nrl  ■  Nrp  ■  Nro. 


D.  Testbed  Topology 

The  computer,  PABX,  and  gateway  stations  in  the  network 
are  connected  in  a  dual-coumer-rotating  ting  topology  (Fig.  2), 
operating  at  SO  Mbit/s,  Six  network  interface  units  (NIU)  were  con¬ 
figured  into  the  testbed  Initially.  Each  of  three  S8020-bascd 
workstations  have  an  NIU  Integrated  Into  the  computer  VME  back¬ 
plane.  The  PABX's  Tl  Interface  to  the  network  through  a  voice 
Interface  module  (VIM)  that  contains  an  NIU  and  double  elastic 
buffers  described  earlier.  The  uni-directional  coax  ring  topology  is 
extended  to  an  optical  fiber  dual-coumer-rotating  ring  topology  by 
means  of  a  media  access  box  (MAB).  In  addition  to  fiber  optic 
transceivers,  each  MAB  includes  an  8-port  wire  center  and  a 
microprocessor  controller  to  probe  the  continuity  of  each  ring  and 
maximally  configure  the  network.  A  68010-based  gateway  provides 
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backbone  service  to  kiwer  speed  {<20  Mbit tt)  tub-new.  >uch  at 
IEEE  *01.3  |*|  and  IEEE  *02.5  J9).  AH  fiber  optic  components  arc 
b*sed  on  I.J-ftm  technology.  The  fiber*  between  each  pair  -J  «a- 
tlom  art  packaged  In  one  militatUtd  cable  with  equally  ruggedlretl 
dual-fiber  connectors.  The  one  exception  it  one  link  In  (he  ting  (bat 
maintain*  full-duplex  operation  by  multiplying  both  ting  direction! 
into  one  fiber  Wing  wavelength  division  multiplexing  at  0.1-jmt  and 
1.3-pm. 


Fig.  2 

Tiber  optic  local  network  testbtd. 


and  the  other  to  the  packs!  v\;£  but  over  which  DMA  packet 
trantactient  ate  conducted  (Bus/Mux  card).  Both  cards  are  bi¬ 
directional.  to  support  a  telephone  conversation. 


Tig.  3 

Block  diagram  of  voice  interface  module  (VIM). 


Tlit  Bui/Mux  card's  function  It  to  provide  the  interface  between  the 
32  bit  VME  but  and  the  S  Wt  ttorage  retervoirt  (FIFO*).  To  do  this 
a  controller  was  custom  built  to  orchestrate  the  data  now  and  latch¬ 
ing  between  the  32-bit  DMA  transaction  requests  and  the  K  bit 
FIFOs.  The  First  In  First  Out  (FIFO)  memory  In  the  VIM  are  used 
at  elastic  bulfert  to  interface  the  asynchronous  controlling  computer 
system  to  the  Tl  voice  data  traffic. 


C.  Network  Interface  Unit  (NIU) 

Each  NIU  consists  of  a  control  (CTL)  and  host  specific  board 
(list)}  17.10).  Tlte  CTL  board  implements  the  networks  transmis¬ 
sion  function  such  as  repeater,  address  recognition,  serial  to  parallel 
conversion,  token  management,  bit  stuffing  and  error  timeout.  The 
USB  manages  all  the  communication  processing  such  as  buffering, 
sequencing  and  controlling.  This  gives  the  host  a  low  software  over¬ 
head.  Tlte  V.ME  Interface  allows  the  host  to  gather  or  scatter  opera¬ 
tion.  and  (t  also  maket  transmission  of  multiple  paektts  without  in¬ 
tervention  possible.  A  message  experiences  two  time  delays  between 
two  nodes:  a  propagation  delay  of  the  transmitting  medium,  which 
for  a  fiber-optic  link  Is  about  J  pjec/km,  and  the  station  latency  at 
each  node.  Due  to  the  special  format  of  the  addressed  message,  the 
NIU  has  a  station  delay  of  30  bits.  Tlte  sum  of  the  station  latencies 
plus  the  sum  of  the  propagation  delays  is  called  the  r/ng  latency.  The 
NIU  uses  a  4  Into  6  bit  blocking  coding  technique  to  combine  the 
clock  with  the  data-maklng  the  effective  signal  rate  on  the  fiber  120 
Mbit/s.  This  coding  scheme  reduces  the  bandwidth  compared  to 
Manchester  coding  and  it  it  still  balanced  over  every  six  bits. 

D,  Voice  Interface  Module 

Tlte  voice  Interface  module  (VIM)  Implements  in  physical 
hardware  the  rain  barrel  analogy  depicted  In  Fig.  1.  Tlte  overall 
process  of  sending  voice  over  a  high  speed  (SO  Mb/s)  packet 
oriented  token  driven  fiber  optics  local  area  r.ctwotk  represents  a 
design  challenge,  because  the  Asynchronous  nature  the  voice  data 
has  to  be  matched  to  the  asynchronous  nature  of  the  packet  data, 
which  is  subject  to  the  availability  of  the  token,  before  it  can  be  sent 
to  the  dual  counter  rotating  fiber  optics  ring.  Tills  means  blocks  of 
digital  samples  (pMJ  or  "A"  law)  must  be  accummulated  and  dis¬ 
patched  rapidly  enough  to  maintain  an  average  pool  of  data  in  a 
reservoir  sufficient  to  supply  the  real  time  demand  at  the  receiving 
site  or  node.  The  design  was  distributed  over  two  custom  built  card! 
(Fig.  3),  one  interfacing  to  the  digital  Tl  stream  (FIFO/T1  card), 


E.  Fiber  Optics 

Tlte  fiber  optic  portion  of  the  testbed  consists  of  the  Media 
Accest  Boxes  and  the  dual  optical  fiber  counterclockwise  rotating 
ring  network,  of  which  one  link  tt  to  Ik  converted  into  a  single  fibei 
bi-directional  channel.  The  performance  requirements  of  the  net¬ 
work  were  a  maximum  transmission  distance  of  two  kilometers  at  a 
data  rate  of  125  Mb  /*,  having  a  HER  of  less  than  I0,?  . 

I.  Media  Access  Box  (MAB).  Tlte  MABs  convert  the  digital 
data  streams  arriving  from  voice  Interface  modules  (VIM)  and  com¬ 
puter  work  stations,  Into  optical  signals  to  lx  transmitted  over  optical 
fibers.  Each  MAB  Includes  a  wire  center  1 1 1  ].  a  fiber  optic  interface 
|I2)  and  two  dual-fiber  fiber  optic  bulkhead  connectors  (13).  as 
ihown  in  Fig.  4, 


WORKSTATION  VIM  GATEWAY 


Fig.  4 

Media  Access  Box. 
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The  ww«  center  l«  an  e  Ight-pon  device  that  connect*  electrically  up 
to  seven  NIU*  using  twin  shielded  twisted  pair  cablet.  These  may  be 
VIM*.  computer  bests,  or  gateways.  The  elgltth  pou  connects  the 
wire  center  to  the  fiber  optic  ring.  The  wire  center  passes  signals 
from  one  node  to  the  next.  If  a  port  ii  unused,  the  cable  breaks,  or 
a  host  computer  I*  powered  down,  the  port  Is  bypassed  by  a  relay  In 
the  wire  center.  LED  Indicators,  one  at  each  pen.  indicate  whtthe* 
the  specific  pou  it  In  the  ring  or  not.  The  fiber  optic  interface  at¬ 
taches  the  «dre  center  to  the  fiber  optic  counter  rotating  ring  net¬ 
work  through  four  fibers,  two  transmitting  and  two  receiving.  The 
heart  of  each  unit  is  a  one  chip  microprocessor,  which  provides  all 
of  tlte  fault  tolerance  and  switching  features,  and  controls  nine  front 
panel  LED  Indicators,  which  display  the  link  status.  When  first 
powered  on,  iaeh  unit  resets  the  microprocessor  and  begins  running 
an  operating  program.  The  microprocessor  then  asserts  a  signaling 
carrier  onto  its  fiber  optic  transmitters,  and  begins  monitoring  the 
signal  quality  outputs  of  its  fiber  optic  receivers.  In  the  first  phase, 
the  four  paths  that  directly  Interface  to  each  unit  are  tested.  Each 
unit  tries  to  handshake  with  its  adjacent  units,  by  probing  with  the 
transmitter*  and  acknowledging  messages  received.  If  a  probe  is 
received,  the  receiver  is  declared  good  and  an  acknowledge  is  sent. 
If  an  acknowledge  is  received,  the  transmitter  Is  declared  good.  In 
the  second  phase  of  operation  the  global  connections  arc  tested. 
Each  unit  tries  to  determine  if  there  Is  a  complete  loop  available  on 
cither  the  primary  or  secondary  path.  After  this  pltasc  each  unit 
know*  which  of  the  paths  are  available,  and  sets  the  Indicator  LEDs 
accordingly.  If  the  primary  and  secondary  loops  are  both  unopera- 
tlonal,  the  network  enters  the  wrap  mode,  which  makes  the  most  of 
the  available  Interconnections,  decomposing  the  network  into  two  or 
more  fully  functional  but  disconnected  networks.  If  both  optical 
transmitters  or  receivers  are  inoperable,  the  unit  has  no  way  of  form¬ 
ing  a  duplex  link  with  other  ring  members,  and  will  enter  loopback 
mode.  The  fiber  optic  transceivers  are  hybrid  modules  (1 4], 
packaged  In  24-pin  DIP  carrier  and  designed  for  direct  printed  cir¬ 
cuit  board  mounting.  The  transmitter  utilises  an  edge  emitting  In- 
GaAsP  LED,  having  a  rise/fall  time  of  2  ns.  The  optical  output 
power  Is  -22dUm,  at  a  wavelength  of  1310  nm  with  a  spectral  width 
of  ISC  nm  (FWHM).  The  receiver  utilises  an  InOaAs  PIN 
photodiode,  and  has  a  sensitivity  of  -32dBm  and  a  NEP  of  -42dBm 
(IS].  The  transceivers  operate  at  data  rates  of  125  Mb/s  NRZ,  using 
differential  emitter  coupled  logic  (ECL).  They  also  possess  integral 
fiber  optic  mlnl-BNC  connectors,  which  In  turn  are  connected  to 
the  dual-fiber  bulkhead  connectors,  which  link  \he  MAO  to  the  ring 
network.  The  two-fiber  tactical  fiber  optic  bulkhead  connector  util¬ 
ises  two  blconlc  connectors,  in  an  hermaphroditic  arrangement  as 
shown  In  Fig.  5  125].  The  Insertion  loss  from  plug  to  bulkhead  is  less 
than  1  dB.  It  and  its  companion  dual-fiber  cable  [16]  are  fully 
militarized  and  designed  to  withstand  the  stringent  environmental 
and  mechanical  needs  of  a  tactical  field  environment. 


2.  Dual  Fibtr  Optic  Network.  The  fiber  optic  link  connecting 
the  MABs  consists  of  a  ruggedized  two-fiber  .tactical  fiber  optic 
cable,  containing  two  tightly  buffered  50/125  pm  multi-mode  optical 
fibers.  The  cables  are  terminated  with  hermaphroditic  connectors, 
which  facilitate  field  deployment  and  retrieval  without  physical  or 
optical  degradation.  The  fibers  are  radiation  hard,  with  dual 
wavelength  capability,  and  a  numerical  aperture  of  0.22.  Their  at¬ 
tenuation  is  3.5  dB/km  at  850  nm,  and  1.0  dB/km  at  1300  nm  and 
their  bandwidth  at  1300  nm  is  greater  than  400  MHs-km.  The 
optical  fibers  are  cabled  in  a  ruggedized  all  dielectric  structure,  em¬ 
bedded  in  keviar  yarns  and  surrounded  by  reinforcing  elements  and 
an  outer  jacket  as  shown  In  Fig.  6  (25).  The  cable's  outside 
diameter  is  6  mm,  and  its  weight  is  30  kg/km.  Using  the  model 
shown  in  Fig,  7.  the  power  budget  of  a  typical  link  of  the  ring  net¬ 


work  may  be  calculated  as  shown  tn  Table  I.  A  transmission  dis¬ 
tance  of  3  km  is  estimated- 


•  1.1  dt  mt»f*  cabs*  MternWy  Imi  (U  urn) 

•  DOO-STO-ttn  t**ttn«:  Impact,  comprwelow  and 
lanaMa  strength 


Fiber  optic  cable  assembly. 


Fig.  fi 

Tactical  fiber  opric  cable. 


Fig.  7 

Optical  power  budget  test  setup. 


3.  Single  Optical  Fiber.  Dual-Channel  Uni.  In  ord-,  to  fur¬ 
ther  decrease  the  complexity  and  cost  of  the  fibet  op:':  network, 
wavelength  division  multiplexing  (WDM)  was  use  .  in  order  to  com¬ 
bine  the  two  counter  rotating  network  channels  on  one  single  fibe.. 
One  of  the  transceiver  pairs  of  the  fiber  opnc  interface  has  been 
replaced  with  modules,  operating  at  850  nm.  The  WDMs  (17) 
employ  a  grating  structure,  having  50/125-pm  fiber  pigtails  and  ter¬ 
minated  with  biconic  connectors.  The  cable,  as  before,  is  the  dual- 
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fiber  uettcal  lA-it  optic  cable.  which  will  eventually  hi  rcp-Lired  wish 
a  single  fiber  cable,  feeing  Iffchtcr  and  tcM  easily  H:*  WOM*.  vatfeii* 
connector*.  and  increased  fiber  aitcnuauon  at  >30  nm  (Ji  dllftsn), 
iwrodoce  additional  low*  In  the  network  thereby  reducing  the  u' tr¬ 
ail  powtf  hudgti-anJ  the  maximum  MAU/MAU  tepanttw  dh- 
tanee-  The  test  *eitip  and  the  power  budget  eakuUtlcfi*  for  she 
modified  link,  ate  shown  Fig  f  and  Table  I.  respectively.  A  single 
fiber  length  of  shoot  O.S  km  (<  estimated.  Longer  range*  eeold  be 
achieved  by  replacing  the  ICO  module*  with  mote  powerful  la*er 
diode  transmitters. 


Pit.  8 

WDM  measurement  setup 


P.  Peripheral* 

The  tciibed  include*  three  computer  workstations  and  rwo 
PC*.  Theje  »erve  several  functions:  a)  act  at  a  source  and  *Jnk  of 
data  traffic,  b)  provide  a  platform  to  develop  VIM  software,  e)  per¬ 
form  gateway  functions  between  the  SO  Mbit/*  token  ring  and  IF.EG 
802.3  and  S02.S  Jubnet*.  and  d)  act  a*  a  network  monitor  and  con¬ 
troller  for  the  VIM  module*.  The  workstation*  posses*  a  68020 
processor  operating  at  16.7  Mile,  4Mbyte  RAM,  WOMB  disk 
Storage,  and  a  built-in  802.3  Interface.  The  operating  system  Is  a 
partially  converged  version  of  BSD  a. 2  and  AT  AT System  V  UNIX, 
and  Includes  utUnkle*  for  Implementing  network  file  system  access 
(l$J.  Two  IBM  PCs  are  also  used  to  exercise  the  *ub-net  (Fig.  2). 
Three  Private  Automatic  Branch  Exchange  (PABX)  telephone 
switches  are  configured  Into  the  testbed.  Each  PABX  po**e*se*  two 
T1  pom-one  to  each  of  the  other  two  jwitche*.  When  the  packet 
network  and  VIM*  are  inserted  In  these  three  Tl  links,  the  logical 
T1  connection  topology  remains  the  same  although  the  voice  Is  now 
exchanged  In  the  form  of  packet*.  The  fully-dlgital  PABX  jystem 
bulk  on  a  non-blocking  distributed  architecture,  capable  of  handling 
simultaneous  voice  and  data  tralfie  over  standard  two-pair 
telephone  wire  { 19).  A  lm*  module  houses  the  main  processor,  disc 
drives,  power  supply,  and  interface  units  (I Us). 


III.  PERFORMANCE 

A.  Theory 

The  network  performance  Is  Illustrated  in  Fig.  9  and  10  J20]. 
Fig.  9  shows  time  delay  versus  throughput  for  several  token 
protocols.  Observe  that  FDD!  offers  about  20r.  greater  capacity 
(768  voice  channels)  than  the  80  Mbit/s  LAN  (624  channels)  at 
time  delays  of  -1  ms  or  more.  In  practice,  fewer  voice  channels 


Table  1 

Fiber  power  budget  calculation 


WAVELENGTH 

650  nm 

1300  nm 

YMTn  AVERAGE  OPTICAL 

OUTPUT  (l).  (includes  10m 
splk*  to  2  BNG  connector*) 

-13  dBm 

-22  CQm 

P-CVR  SENSITIVITY  (5) 

-24  dBm 

-32  dBm 

POWER  AVAILABLE  FOR  LOSS 

m  ca 

10  dB 

WOM  INSERTION  A  CONNECTOR 
LOSSES 

2 

2dQ 

BULKHEAD  CONNECTOR  LOSS 
0.5  eo  per  connector) 

3  d3 

3  dB 

WSC  AODmONAL  V  *SES 

1  dO 

1  dB 

SYSTEM  MARGIN 

3  dQ 

3  03 

REMAINING  POWER 

2  OB 

1  OS 

CABLE  ATTENUATION 

3.5  dB/Xir 

1  dB/Km 

MAXIMUM  UNK  SPAONG: 

SINGLE  FIBER 

L  ■  0.57  Km 

L  ■  1.0  Km 

DUAL  FIBER  (without  WOM) 
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Access  time  delay  is  plotted  at  a  function  of  throughput  for 
four  different  types  of  token  ring  LANs. 


THROUGHPUT 
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Fig.  10 

Measured  throughput  between  two  Sun  computers  using 
UDP  and  aligning  data  to  IK  byte  boundaries.  Message 
length  in  bytes  follows  LAN  NIU  type. 
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would  be  used  <o  give  reaionable  access  delays  for  data-only  pack¬ 
ets.  For  example,  In  network  file  ijjtcm  service  an  access  delay  of 
<2)8  )«  would  be  dctltcd  thereby  restricting  the  throughput  to  about 
JO  Mbit/*  or  2 -<0  voice  channels.  The  capacity  of  low-speed  LA  N't  it 
too  low  to  support  Tl  traffic.  However,  tingle  voice  channels  might 
be  supported  utlng  the  tame  technique. 

b.  Measurement* 

I.  Vt 'orkstntlon  Throughput.  Tttrotighput  wat  meatured  with 
the  User  Datagram  Protocol  (UDP)  and  Transmission  Control 
Protocol/lnterr-et  Protocol  /TCP/IP)  of  the  wotkttationt  (21).  UDP 
U  considerably  more  efficient  but  does  not  perform  flow  control, 
acknowledgments,  and  error  checking.  The  test  software  generated 
long  blocks  of  random  data  in  RAM  and  directly  sent  this  to  the 
network,  bypassing  the  disk  subsystem.  At  the  teceivir.g  workstation, 
the  same  data  was  discarded  on  a  bytc-by-bjte  basis.  For  a  TCP/IP 
protocol  and  unloaded  LAN.  the  throughput  between  two  worksta¬ 
tions  was  measured  to  be  2.2  Mbit/s  for  the  ,10  Mbit/s  LAN  and  I.S 
Mbit/s  for  lithernet.  The  20ft  Improvement  is  iimited  by  the  TCP/IP 
software  overhead.  For  Use  simpler  UDP  protocol  (Fig.  10),  the 
token  ring  provides  a  two  to  thtee-fold  Improvement  over  Ethernet 
(depending  on  packet  sice).  Still,  the  throughput  is  much  less  than 
expected  from  theory  —  a  limitation  imposed  by  the  operating  sys¬ 
tem  overhead,  A  typical  test  set-up  Is  depleted  In  Fig.  II. 


over  a  greater  area  increases  survivability  by  removing  a  jingle  point 
of  failure— ff  one  shelter  is  destroyed  the  command  post  can  still 
operate,  by  using  a  LAN  as  described  in  this  paper,  shelters  can  be 
dispersed  over  a  greater  area  then  what  is  possible  with  today'* 
metallic  based  LANs.  Such  integrated  services  as  voice,  data, 
graphic*,  and  map  updates  would  be  provided  In  Use  command  post 
over  a  single  medium  ThU  would  greatly  Increase  the  mobility  of  the 
command  post  by  reducing  the  cabling  requirements.  One  potential 
application  for  the  LAN  in  today's  Army  would  be  In  the  Standard 
Integrated  Command  I’rnt  System  tSICPS)  program.  The  LAN 
would  be  used  a*  a  high  speed  backbone  to  allow  interconnection  of 
the  tower  speed  LAN*  In  the  shelter.  A  LAN  Interface  into  the 
Mobile  Subscriber  Equipment  (MSE)  could  be  developed  allowing 
voice  and  (lata  to  be  transported  between  shelter*  and  the  Army'* 
backbone  communications  network.  Hie  LAN  would  provide 
benefit*  to  the  command  post  In  rapid  deployment  time,  increased 
mobility,  and  integrated  service*.  The  testbed  give*  rite  Army  the 
capability  of  doing  experimentation  that  would  aid  in  achieving  the 
goal  of  a  distributed  command  post.  Hie  areas  of  .nodular  network' 
concepts,  interconnecting  lower  speed  LANs  through  a  high  speed 
backbone,  demonstrau  n  of  rapid  deployment  capability  using  fiber 
optics,  and  Interfacing  A»my  communication  equipment  to  a  LAN 
will  be  investigated  to  uy  io  meet  ilte  Army'*  goal. 


2.  Voter.  Bit  error  rate  (BER)  tests  were  performed  at  the  Tl 
Interface  of  two  VIM  units  attached  to  the  ring.  Less  than  4  errors  in 
10'*  transmitted  bits  were  recorded  over  a  4$-hcur  period.  Error 
injection  tests  Indicate  that  BERs  on  the  order  o!  10‘*  were  not 
discernible.  With  the  oversized  FIFOs  described  previously,  Use 
delay  from  one  PABX  to  the  second  PAJN,  was  measured  to  be  30 
ms.  Tills  may  require  Tl  echo  cancellation  equipment. 


IV.  APPLICATIONS 

The  overall  purpose  in  developing  the  testbed  is  to  determine 
the  feasibility  of  using  one  type  if  LAN  for  high  speed  volce/data 
communications  'o  serve  a  variety  of  Command,  Control,  and  Com¬ 
munication  (C*)  applications  for  die  tacacal  Army  (22).  An  impor¬ 
tant  concept  in  the  Army's  Airland  Battle  .'000  doctrine  is  the  con¬ 
cept  of  the  dispersed  command  post.  Distributing  the  command  post 


V,  FUTURE  DIRECTIONS 

With  the  emergence  of  FDD!  type  cc  <on<iu*«  the  existing 
MABs  will  eventually  be  replaced.  A  new  FDDi  card,  In  Us  develop¬ 
mental  stage,  includes  a  chipset  (23)  that  invokes  the  physical  and 
data  link  layers,  and  the  station  management  as  outlined  by  the 
FDDI  standard.  The  fiber  optic  transmitters  and  receiver*  will  be 
replaced  by  a  single  transceiver  module,  operating  at  a  wavelength  of 
1300  nm.  at  100  Mb/s.  All  the  electronic  and  fiber  optic  com¬ 
ponents  will  reside  on  one  single  PCB  card  which  will  be  attached  to 
the  backplane  of  a  workstation,  eliminatting  die  VIM*  and  MABs 
aliogethcr.  The  fiber  optic  cable  will  be  connected  directly  to  the 
workstation.  In  the  future  design,  voice,  dam  and  video  signals  will 
all  be  transmU'cd  over  the  fiber  network.  A  new  network  node,  20 
Kin  away  from  ihc  other  nodes,  will  be  imregraied  Imo  the  existing 
network.  Because  of  ilie  great  distance,  laser  diode  transmitters  are 
going  io  he  deployed.  If  sufficient  power  remains,  optical  bypass 
switches  may  be  Incorporated  into  the  network  ring,  resulting  in 
greater  flexibility  and  fault  tolerance. 

VI.  CONCLUSIONS 

While  a  synchronous  version  of  FDDI  may  ultimately  emerge 
with  more  efficient  voice  interfaces  |24),  the  testbed  presented  here 
demonstrates  that  high-capacity  high-quality  voice  traffic  may  also 
be  transmitted  over  asynchronous  deterministic  LANs,  such  as 
FDDI  Counter  to  most  other  LAN  voice  transmission  schemes,  we 
allow  voice  and  data  stations  to  compete  on  an  equal  basis  for  net¬ 
work  ba'  tdwidth  The  advantages  are  that  voice  and  data  nodes  may 
now  run  different  protocols  and  that  data  nodes  or  gateways  can  be 
added  to  the  network  at  will  without  negotiating  with  the  voice  trans¬ 
actions.  Future  enhancements  will  include  upgrading  »he  NiUs  to 
meet  the  forthcoming  FDDI  standard  and  adding  laser  diode  fiber 
opllc  transmitters  for  longer  spans  between  nodes. 
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Abstract 

Nearly  all  available  specialty  Ciber  optic  ca¬ 
bling  syst<wj  aro  merely  extensions  of  telecommuni¬ 
cations  Ciber  technology  developed  in  the  late  '70s. 
The  alrcraCt  and  mobile  platform  environments  pre¬ 
sent  the  moot  difficult  challenge  to  the  Ciber 
optic  cable  designer.  A  combination  of  very  severe 
and  dynamic  environmental  conditions,  ultra-high 
reliability  requirements,  diameter  limitations  im¬ 
posed  by  existing  contact  designs  and  high  density 
interconnection  makes  for  very  difficult  design 
trade-offs.  Ibis  paper  will  discuss  these  design 
trade-offs  in-depth  and  present  a  fully  integrated 
"systems  approach"  to  the  design  of  o  family  of 
high  reliability,  simplex  optical  cables  that  can 
be  used  in  data  links,  sensor  networks  and  laser 
ordnance  cabling  for  airframe  and  platform  appli¬ 
cations.  Thi3  family  of  cables  is  designed  around 
ultra-high  strength  and  proof  tested  fibers  with 
large  core  diameters  for  extremely  high  coupled 
power  IcvqIs,  high  numerical  aperture  for  extremely 
low  bending  induced  attenuation,  radiation  hard 
core  materials  for  application  in  strategic  and 
tactical  systems,  very  flat  spectral  attenuation 
for  use  in  wideband  sensor  systems  and  a  unique 
hard  coating  for  use  with  no  epoxy,  no  polish 
single-channel  or  pin  contact  interconnection  sys¬ 
tems.  Tills  cable  is  currently  being  flown  in  opera¬ 
tional  avionic  and  missile  systems,  and  is  being 
considered  Cor  several  more  programs  in  the  near 
future. 

Introduction 

Fiber  optic  cable  designers  face  a  triple  chal¬ 
lenge.  First,  they  must  design  a  product  that  will 
provide  the  utmost  reliability  in  the  most  diffi¬ 
cult  and  dynamic  of  environments.  Second,  they 
have  virtually  no  control  over  the  fiber  design, 
being  at  the  mercy  of  telco  fiber  manufacturers. 

And  third,  they  must  wait  5  to  10  years  before 
their  development  efforts  ore  paid  back,  often 
tying  a  design  to  a  specific  Defence  Program  with 
uncertain  future  prospects.  Unfortunately,  these 
three  challenges  hove  impeded  the  development  of 
even  adequate  optical  fiber  cables  for  the  Aero¬ 
space  industry.  This  paper  will  describe  in  detail 
the  trade-offs  and  design  challenges,  os  well  os 
present  a  family  of  3  lightweight,  high  strength 
cables  that  address  the  majority  of  known  appli¬ 
cations  of  fiber  optics  in  avionics.  Hie  cables 
wore  developed  using  an  overall  systems  approach  in 
the  hopes  of  anticipating  both  data  and  power  de¬ 
livery  applications.  These  cables  were  developed 


with  concerns  for  fiber  reliability,  cable  install- 
ability,  connector l:at ion  with  existing  pin  contact 
envelope,  easy  and  rapid  termination  and  reconfigu¬ 
ration,  and  with  an  eye  on  future  "taxability"  for 
networking.  Nearly  all  of  the  key  issues  have  been 
resolved  and  production  cabling  now  exists  and  is 
flying  in  a  variety  of  systems  and  platforms. 

The  Problem 

Unlike  a  telecommunication  system,  a  fiber  optic 
link  or  network  in  an  aircraft  does  not  have  to 
transmit  tens  of  kilometers  at  Gigabit  digital 
transmission  rates.  All  but  the  most  advanced  net¬ 
works  operate  at  100  Mblts/scc  and  most  at  10  Mbits 
or  less.  Furthermore,  with  typical  path  lengths  of 
100  meters  or  less,  extremely  low  attenuation  per 
kilometer  is  also  not  critical.  For  this  reason, 
use  of  telecom  fibers  is  not  tlx:  optima  solution. 

By  beginning  with  the  most  appropriate  fiber  for  the 
job,  the  cable  design  problem  is  slmplitied. 

The  four  primary  design  goals  foe  an  aircraft 
cable  arc  as  follows: 

1.  Optical  Functionality  -  tlxs  optical  system  must 

"play" 

2.  Physical  Robustness  -  the  cable/lntcrconnect 

must  stand  up  to 

installation 

3.  long-term  Reliability  -  the  cable  must  last  the 

design  liCtetimc 

4.  Small  SlzeAteinht  -  the  cable  system  must 

save  space  t  weight 

Optical  functionality  requirements  are  relaxed 
somewhat  due  to  the  reduced  data  rates  and  distances 
of  most  Avionic  systems.  This  allows  more  flex¬ 
ibility  In  meeting  the  other  three  design  objec¬ 
tives.  The  one  aspect  of  optical  functionality 
that  is  unique  to  the  Avionics  world  is  the  need 
for  a  (relatively)  large  number  of  production  bulk¬ 
heads.  This  is  particularly  true  as  more  complex 
systems  aro  combinations  of  "building  blocks"  pro¬ 
duced  by  separate  subcontractors,  le.g.  the  Space 
Station  or  the  next  generation  Airbus).  Production 
breaks  mean  bulkhead  connectors  and  additional 
optical  "loss"  and  points  of  failure  in  a  link. 
Reducing  the  loss  of  the  cable  per  kilometer  does 
very  little  to  inprove  system  margins.  The  only 
ways  to  increase  the  power  level  at  the  receiver 
are  to  increase  the  power  level  coupled  into  the 
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link  (con  tl»  transmitter  and  t«s  reduce  connector 
and  bend-induced  losses  in  between. 

Physical  robustness  is  normally  assured  by  •bury¬ 
ing"  the  liber  under  layers  of  buffers  ond  tubes, 
strength  members  and  jackets.  This  approach  ray 
suffice  for  telecom,  datacara  or  even  shipboard  ap¬ 
plications.  but  two  factors  preclude  this  approach 
for  aircraft  cabling.  First,  the  overall  diameter 
of  an  avionic  cable  rust  be  compatible  with  exist¬ 
ing  Size  16  pin  contacts.  Many  interconnect  systems 
(c.g.  LRU  "blind  sate"  connectors)  must  accommodate 
both  fiber  optic  and  electrical  contacts.  It  is  nor 
likely  time  the  Aerospace  industry  Is  going  to  throw 
away  25  years  of  connector  development  investment 
for  the  sake  of  fiber  optics.  Second,  adding  core 
protective  layers  increases  the  weight  of  the  csl!q. 
Her  fiber  to  pay  its  way  in  new  systems,  it  must  re¬ 
duce  overall  system  weight,  not  increase  it. 

tcog-tern  reliability  is  the  biggest  hurdle  for 
any  new  technology  in  the  Aerospace  world  and  this 
is  no  exception  for  optical  fiber  cable.  It  is  very 
difficult  and  expensive  to  try  out  fiber  optics  in 
pioductlon  airframe  systems.  There  have  been 
several  trial  links  reported  in  the  literature  by 
Docing,  Douglas  end  Aerospatiale*'2'5.  Results 
from  these  few  trials  have  been  encouraging  but  only 
emphasize  the  need  to  test  long  term  reliability  in 
the  laboratory  even  more.  Moreover,  fiber  optic 
test  procedures  most  be  utilized,  not  those  devel¬ 
oped  for  copper  wire.  Tills  point  is  extremely  im¬ 
portant.  optical  fiber  cables  have  different  dete¬ 
rioration  ond  failure  modes.  The  blind  uso  of 
existing  wire  cable  specifications  and  tests  is  not 
prudent. 

Small  size  ond  weight  is  of  paramount  importance 
in  avionics  systems.  As  fly-by-wire  and  fly-by¬ 
light  systems  got  more  complex,  individual  compon¬ 
ents  must  get  progressively  smaller  and  lighter. 
Optical  fiber  cables  must  fit  the  envelope  of  a 
typical  30999  size  16  pin.  This  is  one  of  the  most 
limiting  specifications  but  compatibility  with 
existing  interconnect  designs  is  key  to  adoption  of 
the  technology. 

Deslnn  coals 

Table  1  lists  general  design  goal3  canton  to  this 
family  of  aircraft  cab'cs.  (All  specifications  arc 
based  on  a  standard  one  kilometer  test  length.) 

Table  2  lists  additional  design  targets  that  are 
"application-specific". 

Design  Approach 

Several  guiding  principles  are  common  to  the  de¬ 
sign  of  this  family  of  Airframe  Cables.  First, 
largo  core,  "step-index"  fibers  ore  used  in  all 
cables.  Second,  these  fibers  are  screen  or  "proof" 
tested  at  very  high  levels  to  insure  survival  of 
the  cabling,  installation  and  application  environ¬ 
ments.  ihitd,  well  characterized  materials  such  as 
DuPont's  Kevlar*  are  used,  taking  advantage  of  the 
extensive  development,  tooting,  processing  and 
real  world  experience  associated  with  those  ma¬ 
terials.  Finally,  only  hard  polymer  clad  or  coated 


fibers  are  used.  This  insures  that  the  reliability 
associated  with  a  high  proof  tost  level  is  preserved 
throughout  the  cabling,  harnessing,  Installation, 
fiber  stripping  and  terminating  processes  via  the 
preservation  of  the  inherent  strength  of  pristine 
silica. 

Cabin  Matrix 

Sec  Table  3. 

Discussion 

Rener.al 

The  three  cables  arc  essentially  the  same  design. 
A  very  high  strength,  fatigue  resistant,  high  proof 
test  fibar  is  buffered  with  an  extruded,  mechani¬ 
cally  removable  DuPont  Tefzol*  buffer.  No  silicone 
primary  buffer  is  used.  Tills  eliminates  the  prob¬ 
lems  as£*»lated  with  silicone  residue,  l.c.  unreli¬ 
able  termination.  A  penalty  is  paid  in  terms  of 
low  temperature  attenuation  change  but  in  the  con¬ 
text  of  high  NA  fiber  and  short  haul  systems,  this 
penalty  is  very  small.  Draldcd  Kevlar*  Is  used 
because  of  the  small  diameter  and  thin  wall-of  the 
outer  jacket.  Die  braid  keeps  the  jacket  round  ond 
kink  resistant.  An  outer  jacket  of  nodif led  CTFK 
is  used  to  ptovid*1  <>jod  chemical  and  abrasion  re¬ 
sistance  as  well  as  good  thermal  stability  and  flame 
retardancy. 

Fiber  Selection 

There  is  currently  a  debate  in  the  Avionics 
"Community"  on  the  subject  of  fiber  choice.  Some 
belicvQ  that  iOO/HOum  fiber  i3  best  for  Aircraft 
cables  because  it  allows  for  a  smaller  "minimum 
long-term  installed  bend  radius".  Hus  conclusion 
is  based  on  the  erroneous  assumptions  that  lOOum 
fibers  are  as  strong  and  as  fatigue  resistant  as 
20Qum  hard  clad  or  hard  coat  tilers.  Figure  1 
shows  a  Welbull  Failure  Probability  Graph  comparing 
100/149um  fiber  to  200am  hard  clad  typo  fiber  used 
1..  the  tappoble  datacom  cable  described  in  Table  3. 

It  can  bo  soon  from  Table  4  that  on  the  basis  of 
average  tensile  strength,  proof  test  level,  and 
static  fatigue  over  time,  the  200um  fiber  actually 
ha3  a  smaller  long  term  minimum  bend  radius  than 
the  10Q/140um  fiber.  Furthermore,  the  inherent 
tensile  strength  of  the  larger  200am  fiber  adds  to 
the  strength  of  the  coble  and  allows  Cor  crimp  on 
fiber  attachment  strengths  as  high  as  5  kg. 

Table  4  summarizes  the  comparison  between  200um 
hard  clod  fiber  and  lOOum  commercial  fiber. 

Several  tactical  ond  strategic  programs  require 
higher  operating  temperature  range  and  on  increased 
resistance  to  EMP  environments.  In  order  to  achieve 
these  goals  and  provide  moot  of  the  advantages 
of  the  uard  clad  fiber,  a  "hard  coat",  all-silica 
200um  fiber  is  used.  In  this  fiber  design,  numer¬ 
ical  aperture  and  bend  radius  are  traded-off  for 
extremely  high  resistance  to  EMP  (rapid  recovery) 
and  higher  tenperaturc  range.  The  tensile  strength 
is  nearly  as  high  as  the  hard  clad  type  but  the 
slightly  increased  silica  diameter  increases  the 
long-term  minimum  bend  radius  of  this  cable  12  to 
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lfors.  The  lower  numerical  aperture  of  thin  fiber 
(0.22  vs  3.37}  maxes  the  cable  pore  sensitive  to 
bend-induced  attenuation  and  more  sensitive  to  low 
temperature  induced  attenuation,  (be  this  reason, 
an  extremely  small  cross-section  jacket  is  used  to 
compensate. 

The  Laser  Ordnance  Cable  uses  a  -KlCin  hard  clad 
fiber.  In  this  cable,  reliability,  ,rd»  resistance, 
small  bend  radius  and  high  power  handling  dominate 
the  design  goal.  Hie  fiber  has  been  subjected  to  a 
scries  of  classified  strength  and  radiation  tests 
ami  has  been  selected  for  the  laser  Ordnance  Ini¬ 
tiation  (101)  system  for  the  SICOM  program,  tills 
cable  is  very  specialised  in  the  world  of  Avionics 
but  is  extremely  versatile  for  LPJ  and  wideband 
sensor  systems. 

Cabin  Deaton 

Hie  primary  cable  design  challenge  with  all 
three  of  these  cables  is  one  of  thcrsomechanical 
stability.  Optical  fibers  arc  sensitive  to  a 
phenomenon  known  as  "microbe nd"  induced  attenua¬ 
tion.  Mien  an  optical  fiber  is  bent  or  stressed 
nonunlformly,  optical  power  "leaks"  out  of  the  fiber, 
the  sensitivity  of  a  fiber  to  this  typo  of  atten¬ 
uation  is  given  by  the  following  formula: 

A  Attenuation  oC  1/(NA3) 

Tills  bend  induced  attenuation  may  manifest  Itself 
in  several  ways.  First,  if  the  cable  is  bent 
arounu  another  cable  in  a  harness  or  loaded  around 
a  sharp  edge,  the  attenuation  of  that  point  of 
cable  will  increase.  Figures  2  and  3  show  the 
sensitivity  of  various  cables  to  this  type  of 
"macro-berd"  induced  attenuation. 

If  fibers  in  a  cable  jacket  are  bent  nonunlformly 
on  a  micro  scale  due  to  thoicmcmechanically  induced 
stresses  or  paint  pressure  ic.g.  tic-wrapprd)  atten¬ 
uation  will  also  increase.  Use  of  a  high  numerical 
aperture  fiber  reduces  sensitivity;  uso  of  a  stable, 
small  cross-section  jacket  reduces  thermoreoeban- 
ically  induced  stresses. 

When  thin  wall  jackets  ore  used,  especially  with 
higher  modulus  materials  such  as  Tefzcl,  care  mist 
be  taken  to  prevent  kinking  of  the  tube.  Use  of  a 
larger  diameter  fiber  and  a  Kevlar  braid  combine  to 
mitigate  this  tendency.  In  the  -iOCum  LOI  cable, 
the  fiber  prevents  small  radius  kinking  and  adds 
cubstantialy  to  cable  tensile  strength. 

Oonnectorization 

The  Aerospace  industry  uses  o  wide  variety  of 
connector  formats  developed  and  tested  over  the 
years.  It  would  bo  extremely  beneficial  if  optical 
fiber  cables  could  be  terminated  with  the  same  type 
of  pin  and  shall  interconnect.  s>oUms  as  electrical 
wire.  So  far,  a  great  deal  of  effort  has  gone  into 
conversion  of  existing  pins,  in  particular  size  1G 
pins,  to  fit  the  popular  38999  family  of  circular 
connectors  already  in  use  in  a  number  of  platforms. 
Hie  key  to  a  simple  and  reliable  interconnect  system 
lies  in  tne  cable  and  more  importantly,  fiber  design. 


Mien  cable  jacketing  materials  change  length  in 
different  environments,  the  fiber  does  not.  This 
difference  in  thermal  coefficient  of  expansion 
causes  tremendous  pressure  on  fibers  in  the  cable 
and  also  on  the  fiber/pin  interface.  When  coRmer- 
cial  fibers  ore  terminated,  their  protective  buf¬ 
fers  are  rowed.  With  no  protection  on  the  surface 
of  the  silica,  the  strength  of  the  fiber  drops  to  31 
of  its  normal  strength.  (Hiis  phenomenon  can  be  ob¬ 
served  by  stripping  a  fltet  and  tending  it.)  Any 
time  a  fiber  is  terminated  after  its  protective 
buffer  has  teen  removed,  it  is  nearly  impossible  to 
guarantee  the  reliabllitycf  the  termination.  Add 
to  this,  the  pressures  a  large  jacket  can  exert  on 
a  snail  cross-sectional  area  fiber,  and  the  problem 
becomes  worse. 

Hie  cable  family  described  above  is  specifically 
designed  for  high  reliability  terminations.  The 
small  cross-section  jacket  combined  with  the  large 
cross-section  but  high  strength  titer  reduces 
stresses  at  the  termination.  Hie  hard  cladding  or 
coatings  left  on  the  fiber  during  termination  pre¬ 
serve  the  high  reliability  level  assured  by  the 
initial  fiber  proof  test.  Furthermore,  with  a  thln- 
film  bonded  coating  left  an  the  fiber,  crisp-on  pin 
contacts,  the  norm  for  wire  interconnect,  are  now 
achievable.  This  type  of  termination  practice  Is 
absolutely  necessary  for  fiber  to  be  used  exten¬ 
sively  in  avionics.  (Pin  contacts  are  under  devol- 
opmerc  by  several  companies  that  take  full  advan- 
tagv  of  the  design  features  of  theso  cables.) 

"Tapoability" 

As  avionic  systems  grow  more  complex,  fly-by- 
light  will  become  essential  not  merely  desirable. 

The  interconnection  of  subsystems  and  LJjU3  via  data- 
bos  will  bccotee  an  important  capability1'.  By  using 
hard  clad  fiber  for  aircraft  cables,  future  tap- 
pabllity  is  assured.  Doth  head-end  driven  or  re¬ 
generated  and  all  passive,  bi -directional  systems 
can  te  implemented  with  the  hard  clad,  tappable 
cable’.  Tappabillty  is  useful  in  LOI  systems  as 
well.  A  smaller,  low  power  on- top  can  te  used  to 
inject  a  signal  into  the  high  power  MOOum)  line  for 
(non-destructive)  system  path  verification. 

Applications 

Hie  cables  described  above  are  not  prototypes. 
Hiey  have  been  tested,  flight  tested  and  in  the  case 
of  the  standard  datacom  cable  arc  used  in  production 
aircraft  and  other  platforms.  Hie  LOI  cable  was 
used  on  the  SICBM  flight  test.  Doth  single  channel 
MIL-Std  SMA  and  38999  Fv*  contacts  are  used.  Table 
5  summarizes  most  of  the  current  and  future  uses  of 
these  type  of  cables. 

Summary 

A  family  of  production  optical  fiber  cables  has 
been  developed  for  existing  and  anticipated  appli¬ 
cations  of  lightwave  technology.  Hie  central  de¬ 
sign  goals  for  all  throe  typos  arc  robustness  in 
installation  and  termination;  reliability  in  use. 
Large  core  fibers  are  used  to  provide  strength  and 
rigidity.  Hard  coat/clad  fibers  are  used  for  ten¬ 
sile  strength  and  fatigue  resistance.  Email  dia- 
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we ter  jackets  arc  used  foe  pin  contact  compatibility 
and  to  mitigate  tbcrnoeocbanical  stressing  of  titers. 
All  cables  arc  designed  to  extremely  high  tensile 
strength,  Insensitivity  to  tend  induced  attenuation 
and  very  small  long-tern  minimum  tend  radius.  These 
cables  have  teen  systeiss-eng incorad  fren  the  titer 
to  the  termination,  specifically  for  avionic  appli¬ 
cations. 
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Optical  Throughput 
Optical  Bandwidth  {3  dB) 
Temperaturo  Envelope 
Overall  Diameter 
Minimum  bend  radius 
Weight 

Tensile  Strength 


<10dB/km  <g>820nm 
>10  MHz-km 

-65  to +125  °C  (or  +150  ®C) 
£  1.8  mm 

<12  mm  (0.5  inches) 

<3  kg /km 

>50  kg  @  2%  elongation 


Table  1. 


Tappability 
Radiation  Resistance 
High  Optical  Damage  Threshold 
Broad,  Flat  Spectral  Response 
Higher  Temperature  Range 
Vibration  Reiiabilitiy 

Table 


Requirement  (or  bus  networks 
Resistance  to  EMP  or  Cumulative  dose 
Requirement  (or  Laser  Ordnance  Cable 
Needed  for  broad-band  sensors 
Requirement  (or  Tactical  Systems 
Helicopter  Applications 

2. 
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Cable  tv«t 

giosadSficiIflfl 


SfifiCiliCfltlflQ 


Fiber  otm) 

200  /  230  /  500 

200/ 240/ 260/ 375 

400/430/730 

Buffer 

Tefzel  ® 

Tefzel® 

Tefzel  ® 

Strength  member 

Kevlar®  49  Braid 

Kevlar®  49  Braid 

Kevlar®  49  Braid 

Outer  Jacket 

Modified  ETFE 

Modified  ETFE 

Modified  ETFE 

Diameter 

1.8  mm 

1.65  mm 

1.8  mm 

Weight  C*0Vm} 

2.8 

2.6 

3.2 

Attenuation  \«avm) 

£10  @820nm 

£10  @  820nm 

£  10  @  1.06jim 

Bandwidth  (Uit:-Km) 

It  15 

It  20 

N.A. 

Proof  Test  (kpsij 

200 

200 

250 

Fiber  Tensile  (kpsij 

720 

700 

680 

Fiber  Tensile  Pei 

17 

22 

60 

Cable  Tensile  <\0> 

80 

80 

100 

Elongation  t*®«0Ag] 

1  2% 

2% 

2% 

Temp  Range  rej 

•65  /+125 

•65  /+150 

•65/+125 

Flammability 

Self-extinguishing 

Self-extinguishing 

Self-extinguishing 

Fluid  Immersion 

Vety  Resistant 

Very  Resistant 

Vety  Resistant 

Radiation 

long  term  gamma 

pulsed  gamma 

pulsed  gamma 

Power  (Nd;YAG) 

>20  Watts  CW 

>  1  MWatt/cm2 

>0.5  joule  pulse 

Tappable 

yes 

no 

yes 

Crimpable 

yes 

no 

yes 

Min  Bend  Rad.(mm) 

12 

16 

21 

Flex  life  (Fotp-i) 

>25,000 

>25,000 

>25,000 

Impact  (FOTP25) 

50  @  0.5  kg 

50  @  0.5  kg 

50  @  0.5  kg 

Tlblt-3x 

FIBER  SEU-CT1QN_CQMPARI50N 

20QI23Q  um  HCS  va.  100M4Q  um  ALL-SILICA 

EiafB 

2QS/23Q 

1  00/1  40 

COUPLED  POWER 

0  dBm 

•6dBm 

pBEND  SENSITIVITY 

LOW 

MEDIUM 

AVERAGE  TENSILE  (KPSI) 

7B0 

550 

MINIMUM  BEND  RADIUS  (mm)* 

12 

42 

BEND  RADIUS  AT  BREAK  (mm)* 

1.28 

1.27 

•  BASED  ON  PROOF  TEST  LEVEL  AND  TYPICAL  STATIC  FATIGUE  RATE 

♦  BASED  ON  AVERAGE  WEIBULL  FAILURE  PROBABILITIES 


Table  4. 


Oaiacom,  Rad  Hard  Dalacom.  Rad  Hard  Laser  Oatoaoca 
Taooable,  Crimcable  fEMP-Pulsedi 
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Cable  Type 

Application 

Standard 

Remote  LRU 
Sensor  Cable 
Data  bus 
Audio-Video  bus 

Tactical 

Oatalinks 

Sensor  Cable 

Data  b>- 

Com 

C 

i 

LOI 

Laser  Transmission 


EuGCliQ.g 

Noisa  free  interconnect 
Sensor  /  (ransducar  interconnect 
Multifunction  LRU  linear  bus  interconnect 
Entertainment  distribution 

Noise  free,  rad-hard  channels 
Position,  temperature,  flow,  pressure, 
damage,  laser,  strain  sensor  interconnect 
High  speed  integration  of  subsystems 
'duation  and  signalling 
nel  to  CPU  datahandling 

!ket  motor  Ignition 
.  ntge  separation 
Stores  release 
Crew  Safety 

Free  Space  Communication 
Laser  tracking 
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Figure  1. 
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BEND  LOSSES  WITH  1  WRAP 
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interface  coktonents  for  high  ferforkance 

BIDIRECTIONAL  TRANSMISSION  OVER  SINGLE  FINER  CARLE 


Ted  Leonard,  John  Eid«,  Chip  Mueller 


Alcatel  Cable  Sysccsn,  Inc.  C/S  #19000  Roanoke,  VA  24019 


abstract 

Recent  advances  in  active  and  passive  fiber  optic 
coteponents  design  have  resulted  in  dramatic 
performance  improvements  as  well  as  significant 
cost  reductions.  These  two  factors  have  opened  the 
way  for  new  system  lmp!«wnU lions  for  single  fiber 
Mbits, especially  in  the  areas  of  avionics  data  bus 
and  in  remotely  piloted  vehicles. 

This  paper  describes  the  development  of  passive 
couplers  and  interconnect  modules  that  enable,  for 
example,  the  transmission  of  multiple  video 
channels  in  one  direction  and  control  signals  in 
the  opposite  direction  through  a  single  fiber.  The 
significance  of  this  work  is  that  through  new 
packaging  techniques  the  interface  sire,  weight, 
and  cost  have  dropped  significantly,  which  make 
fib*,  optic  bus  and  control  systems  cost  effective. 

Included  in  the  paper  will  be  physical  descriptions 
of  some  new  innovative  modules,  along  with  test 
data  illustrating  optical  performance  and 
environmental  compatibility. 


S9KHUX 

Fiber  optic  transceivers,  which  incorporate  a 
coupler,  active  devices,  and  a  fiber  pigtail  or 
connector  into  a  single  small  package,  can  improve 
system  performance  and  reduce  both  component  cost 
and  sire.  This  is  critical  for  fiber  optic  system 
implementation  which  is  rapidly  becoming  system 
cost  limited  rather  than  technology  limited. 
Transceivers  can  be  built  in  both  single  node  and 
multimode  forms  for  a  wide  variety  of  single  and 
bidirectional  fiber  data  links.  These  modules  have 
been  built,  packaged,  and  tested  in  single  and 
multimode  forms  for  variety  of  applications. 

Larger  systems  combining  many  wavelengths  into 
single  fiber  links  utilising  large  numbers  of 
modules  and  couplers  can  also  be  realized. 

SIMPLE  FIBER  SYSTEMS  AMD  REOPIREXEMTS 
Two  of  the  largest  potential  applications  of 
fiber  optic  transceivers,  fiber  tethered 
vehicles,  and  fiber-to-the-subscriler  (FTTS),  a«-e 
evolving  as  bidirectional  systems  operating  over  a 


single  fiber.  For  example,  the  fiber-guided 
missile  will  be  a  major  market  in  itself  and  will 
share  many  basic  requirements  with  FTTS  links: 
both  systems  will  likely  utilize  bidirectional 
single-mode  links  capable  of  carrying  video  in  one 
direction  and  lower  speed  digital  traffic  in  the 
opposite  direction  with  wavelength  division 
multiplexing  (RDM). 

Another  high  volume  application  of  transceivers 
requiring  two  separate  wavelengths  on  a  single 
fiber  is  sensor  links  tor  advanced  avionics 
systems.  In  this  case,  a  reference  channel  is 
often  sent  along  with  the  modulated  channel  on 
separate  wavelengths  over  multimode  fiber.  The 
two  sources  are  combined  with  a  WDM  coupler  for 
unidirectional  transmission  over  a  single  fiber. 

Designs  being  developed  for  each  of  these  high 
volume  applications  are  driven  by  similar 
constraints  on  size,  environmental  extremes, 
performance,  and  cost.  A  primary  requirement  is 
that  the  optical  transceiver  occupy  as  little 
board  space  as  possible  and  be  rugged  enough  to  be 
easily  handled.  One  approach  is  to  package  the 
active  and  passive  optical  components  together  in 
a  common  package  so  there  are  no  exttrnal  fibers 
except  the  link  fiber  itself.  This  "nodule" 
concept  not  only  enhances  the  ruggedness  and 
decreases  the  size,  but  it  also  allows  for  optimum 
component  selection  to  meet  overall  assembly 
specifications.  The  result  is  higher  performance 
assemblies  and  increased  yield  resulting  in 
higher  quality,  and  lower  cost  compared  with 
Individually  packaged  components. 

iiagu.Koiii.KaMLi.imia 

Single  mode  fiber  is  the  driving  requirement  for 
FTTS  modules.  Module  development  is  currently 
limited  by  the  available  variety  of  single  mode 
couplers.  Currently,  high  performance  couplers 
are  fabricated  using  fused  biconic  taper  (FBT) 
technology  for  single  node  power  splitters  and 
wavelength  division  multiplexers  (WDM).  These 
couplers  are  typically  1-2  inches  in  length  and 
less  than  1/4  inches  in  diameter.  Single  mode 
modules  must  also  utilise  the  most  efficient 
methods  known  to  couple  optical  power  into  and  out 
of  fiber.  Most  single  mode  modules  therefore 
utilize  an  FBT  coupler  in  combination  with  single 
mods  pigtailed  active  devices  and  short  fiber 
lengths  all  contained  within  a  single  package. 
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The  IEO  combiner  module  is  an  exaspic  of  recent 
developments  in  multimode  transceivers,  in  this 
particular  ease  two  less  with  different 
wavelengths  are  optically  coupled  into  a  single 
optical  fiber  link  with  a  high  coupling 
efficiency,  this  module  is  based  on  proven 
coupler  principles  used  in  the  standard  wavelength 
division  multiplexer  product  line.  In  the  module 
the  two  ISOs  are  an  integral  part  of  the  ecupler 
and  all  are  ccntained  in  the  same  package. 

the  basic  layout  of  the  LEO  combiner  module  is 
shown  in  Figure  1.  Starting  on  the  left  side,  the 
short  wavelength  light  from  a  730r,m  surface 
emitting  LEO  is  collected  and  collimated  by  a 
taicrolcns.  the  collimated  light  passes  thuogh  a 
short  wavelength  pass  filter.  A  GAM  lens  focuses 
the  collimated  beam  into  the  link  fiber  “placed 
Inside  the  capillary  tube.  On  the  right  side,  a 
CP. IN  lens  captures  the  light  emitted  from  an  ECfna 
LEO  and  focuses  the  bean  into  a  short  length  oi 
fiber,  the  short  length  of  fiber  is  attached  to 
the  Sens,  the  lens  collimates  this  bean  on  to  the 
filter,  the  filter  acts  as  a  reflector  for  this 
wavelength  and  reflects  the  bean  back,  the  lens 
then  refocuses  this  reflected  beam  into  the  link 
fiber,  the  entire  assembly  described  above  is 
attached  to  a  metal  heal,  sink  plate,  this  total 
asscnbly  is  cast  molded  into  a  single  unit. 


a  UT'CAPILIAK* 
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Figure  1  -  Multimode  LED  Combiner  Module 

3IKGLI.HQDE, MODULE  DEVELOPMENT 
Single  mode  1200/1300  na  MOM  bidirectional  modules 
have  demonstrated  LEO  output  power  of  4 
microuatts(-24  dEra)  and  PIN  responsivities  of  0.5 
A/H  at  the  package  ST  connector  interface.  The 
nodules  incorporate  a  single  mode  ST  style 
connector,  a  fused  biconic  taper  1200/1300  nn  WDM 
coupler,  a  1200  nn  or  1300  nm  edge  emitting  LED, 
and  an  InCaAs  PIN  photodiode,  in  a  single  molded 
package,  the  package  dimensions  arc  0.5"  x  0.7"  x 
5.25"  uith  only  the  single  ST  connector  optical 
connection  and  the  necessary  LED  and  PIN 
electrical  leads  visible  on  the  package  exterior 
(see  Figure  2). 
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Figure  2  •  Single  Mode  Module 

Module  operation  was  tested  over  a  -20  to  *7C*C 
temperature  range,  the  signal  crosstalk  isolation 
between  the  LED  and  PIN  is  <SnA  at  a  full  LED  bias 
of  103  mlliiampeccs.  typical  link  loss  budgets 
were  examined  for  three  possible  module  uses  (see 
table  l).  the  values  clearly  sh«w  that  simple 
LEO/PIN/eoupler  modules  can  be  used  tor  a  variety 
oi  applications.  Systems  requiring  a  greater 
value  tor  overall  gain  could  be  satisfied  by  using 
a  last:  source. 

Single  mode  bidirectional  modules  were  also 
fabricated  using  a  variety  of  power  splitting 
couplers,  the  LSO/PIN/coupler  modules  incorporate 
either  an  integral  St  or  FC  style  connector  in  the 
package,  the  performance  of  these  modules  varies 
directly  with  the  coupler  split  ratio,  the  module 
splitting  ratio  is  designed  around  the  systems 
operating  characteristics  to  best  utilise  the 
available  link  loss  budget,  the  package  and 
performance  characteristics  were  identical  to 
those  for  the  KDM  module  (except  for  signal 
crosstalk  isolation  which  was  found  to  be  >17d8). 

MULTIMODE  MODULE  DEVELOPMENT 
Multimode  modules  have  been  fabricated  to  combine 
LED  outputs  of  different  wavelengths  onto  a  single 
fiber.  The  LEDs  are  short  wavelength  surface 
emitters  and  the  KDM  coupler  is  based  on  an 
existing  bulk  optics  design  utilising  a  dichroic 
filter,  the  nodule  operating  temperature  range  is 
limited  to  -30*  to  480»C  by  the  LEDs,  the  coupler 
is  isted  for  operation  from  -55*  to  rltS'C. 

Output  power  variation  with  temperature  was  found 
to  be  less  than  0.4\  per  degree  C.  the  modules 
achieved  in  excess  of  1  itM  (0  dBm)  output  power 
from  the  230/239  micicn  link  fiber  at  100 
railliarapece  LED  drive  current. 

the  package  for  the  multimode  module  is  1.6"  x 
0.6"  x  0.3"  with  only  a  single  fiber  pigtail  and 
the  required  LED  electrical  leads  external. 

(Figure  1).  the  package  sis e  is  determined  mainly 
by  the  bulk  optics  coupler.  Alternative  coupler 
varieties  show  promising  reductions  in  module  sise 
(as  high  as  501)  and  potential  improvements  in 
performance  and  ease  in  fabrication. 

the  multimode  approach  easily  applies  itself  to 
larger  system  designs  where  a  number  of  modules 
and/or  couplers  can  be  used  to  efficiently  couple 
many  different  wavelengths  onto  a  single  fiber 
link.  The  same  combination  can  be  used  with  PIN 
or  APD  detectors  to  demodulate  the  signals  off 
this  single  fiber  link,  this  approach  is  also 
feasible  with  single  node  modules  and  couplers. 
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Field  Measurements  of  the  Effects  of  Hydrogen  Gas 
on  Installed  Submarine  Single-Mode  Fiber  Cables 
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Summary 

Measurements  for  the  presence  of  molecular  hydro* 
gen  on  23  submarine  cables  arc  reported.  These 
measurements  were  made  using  an  Optical  Time 
Domain  Rcficctomctcr  (OTDR)  operating  at  1240 
nm,  a  wavelength  at  which  the  hydrogen-induced 
attenuation  is  very  large.  19  of  the  23  submarine 
cables  measured  were  dearly  degraded  by  molecular 
hydrogen.  In  3  of  the  19  cases  where  hydrogen  was 
found,  the  amount  of  hydrogen  present  was  not  uni¬ 
formly  distributed  along  the  submarine  cable.  The 
source  of  the  hydrogen  is  probably  corrosion  of  the 
galvanized  steel  armor  wires.  Placing  an  hermetic  bar¬ 
rier,  such  as  a  formed  layer  of  lead,  between  the 
armor  and  the  cable  core  appears  to  \k  an  effective 
means  of  protecting  the  Hirer  from  the  degrading 
effects  of  hydrogen. 

1.  Introduction 

It  is  well  known  that  hydrogen  gas  increases  the 
attenuation  of  optical  fibers.1-2  In  multimode  fibers, 
hydrogen  bonds  chemically  to  the  dopants  in  the 
glass,  leading  to  a  large  and  irreversible  increase  in 
the  attenuation  at  and  above  1300  nm.  In  single- 
mode  fibers,  with  their  lower  dopant  concentrations, 
the  hydrogen  docs  not  bond  but  remains  in  the 
molecular  state.  This  molecular  hydrogen  produces 
an  easily  identifiable  series  of  sharp  absorption  peaks, 
most  notably  at  1240  nm.  The  lack  of  significant 
chemical  bonding  in  single-mode  fibers  makes  them 
relatively  insensitive  to  the  effects  of  hydrogen,  and 
until  recently,  hydrogen  was  not  thought  to  be  a 
problem  for  cables  which  contain  single-mode  fibers. 
To  produce  a  significant  increase  in  attenuation  for 
single-mode  fibers,  several  tenths  of  an  atmosphere 
partial  pressure  of  hydrogen  arc  required,  while  only 
several  hundredths  of  an  atmosphere  produces  a 
significant  increase  in  attenuation  for  multimode 
fibers. 


One  type  of  environment  wh;  h  has  implicated  in  the 
generation  of  hydrogen  is  the  submarine  environment. 
Submarine  cables  arc  commonly  used  to  cross  rivers, 
bays,  and  lakes.  Layers  of  armor  wire  are  often  added 
to  otherwise  conventional  optical  cables  used  in  duct 
and  buried  applications  to  provide  additional 
mechanical  protection  and  sufficient  weight  to 
facilitate  installation.  Pour  factors  make  submarine 
cables  potentially  vulnerable  to  the  effects  of 
hydrogen: 

•  Armoring  the  cable  increases  the  amount  of  metal 
which  is  subject  to  corrosion,  both  galvanic 
corrosion  between  the  armor  wires  and  other 
dissimilar  metals  in  the  cable  and  also  self¬ 
corrosion  of  the  galvanized  steel  armor  wires 

•  The  higher  pressure  at  the  depths  encountered  in 
submarine  installations  permits  higher  partial 
pressures  of  hydrogen  than  at  atmospheric 
pressure 

•  The  submarine  environment  is  highly  conducive  to 
corrosion,  both  galvanic  and  bacterial 

•  £fay  current  pickup  by  the  armor  wire  may 
produce  hydrogen 

Oecausc  of  these  concerns,  a  series  of  diagnostic 
measurements  of  installed  submarine  cables  was 
begun  in  1986.  At  the  1988  International  Wire  and 
Cable  Symposium,  we  reported  results  from  the  first 
phase  of  these  measurements,  and  significant  amounts 
of  hydrogen  were  found  in  all  three  of  the  single- 
mode  submarine  cables  which  were  measured.5  This 
conclusion  was  based  upon  spectral  attenuation 
measurements  performed  in  the  field  environment, 
and  the  distinctive  spectral  shape  of  molecular 
hydrogen  was  observed  in  all  three  eases.  An 
example  of  one  of  these  measurements  is  shown  in 
Figure  1.  The  partial  pressures  of  hydrogen  found 
ranged  from  0.3  to  0.7  atmospheres,  a  surprisingly 
large  amount,  and  these  pressures  were  fairly  well 
correlated  with  the  average  depth  of  the  cables. 
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Measurements  of  one  of  the  cables  four  times  over  a 
14  month  period  revealed  that  the  amount  of 
hydrogen  present,  and  therefore  the  attenuation,  was 
slowly  increasing  with  time. 

These  three  cables  were  of  similar  designs  and  were 
located  in  a  similar  environment,  so  additional 
measurements  arc  needed  to  study  the  dependence  of 
the  hydrogen  effect  on  cable  design  and  environment. 
However,  field  spectral  attenuation  measurements  arc 
difficult  to  perform,  and  the  equipment  is  bulky  and 
fragile.  For  the  nest  phase  of  the  study,  an  easier  and 
more  readily  transported  test  set  was  needed  so  that  a 
larger  number  of  cables,  of  different  designs  and  in 
different  locations,  could  be  measured.  In  this  paper, 
we  report  on  the  use  of  an  OTDR  to  measure  23 
installed  submarine  cables. 

In  the  nest  section,  the  measurement  of  the  hydrogen 
effect  in  the  field  is  discussed,  and  the  motivation  for 
the  use  of  an  OTDR  is  explained.  In  Section  3,  the 
data  taken  with  this  set  on  23  different  submarine 
cables  is  summarized.  In  Section  4,  the  highly 
nonuniform  length  dependence  of  the  hydrogen  effect 
observed  for  3  of  the  cables  Is  discussed.  In  Section 

5,  additional  measurements  of  the  time  dependence  of 
the  hydrogen  effect  arc  presented  Finally,  in  Section 

6,  conclusions  arc  drawn. 

2.  Measurements  of  the  Hydrogen  Effect 

2.1  Vie  Characteristic  Signature  of  Hydrogen 

When  hydrogen  is  generated  in  a  cable,  it  diffuses 
readily  into  the  glass  fillers,  either  remaining  in  a 
molecular  state  or  dissociating  and  chemically 
bonding  to  the  glass.  At  the  relatively  low 
temperatures  encountered  in  the  submarine 
environment,  the  extent  of  chemical  bonding  in 
single-mode  fillers  should  be  negligible*  In  the 
molecular  state,  hydrogen  causes  a  series  of  readily 
observable  absorption  peaks  in  the  1100  to  1G00  nm 
region  including  one  particularly  strong,  narrow  peak 
at  1240  nm.1-1  A  typical  spectral  attenuation  plot 
showing  the  effects  of  hydrogen  is  shown  in  Figure  1. 
Any  measurement  of  an  installed  cable  to  determine 
whether  hydrogen  is  present  should  look  for  this 
characteristic  molecular  hydrogen  absorption  peak. 
This  distinct  peak  is  unique  to  the  molecular 
hydrogen  effect  and  unlikely  to  be  confused  with  most 
other  loss-increasing  mechanisms,  such  as 
microbending  or  macrobending,  which  have  different 
spectral  signatures.  One  other  loss  mechanism, 
absorption  due  to  0//",  can  be  present  at  1240  nm, 
but  OH~  absorption  at  1240  nm  will  generally  be 


Figure  1.  Spectral  Attenuation,  Hydrogen  Present 

much  less  than  .1  dB/km  while  hydrogen  present  in 
significant  quantities  will  produce  losses  much  larger. 

The  height  of  the  prominent  12-10  nm  hydrogen  peak 
is  proportional  to  the  partial  pressure  of. hydrogen 
present  SO  that  a  measurement  of  the  height  of  this 
peak  can  be  used  to  estimate  the  amount,  or  partial 
pressure,  of  hydrogen  present.  One  atmosphere 
partial  pressure  of  hydrogen  produces  an  added  loss 
at  1240  nm  of  approximately  7  i!B/km. 

2.2  SjKctral  Attenuation  Measurements 

The  most  straightforward  method  for  measuring  the 
height  of  the  1240  nm  absorption  peak  is  to  perform  a 
spectral  scan.  Spectral  attenuation  test  sets  arc 
commonly  used  in  factories  and  laboratories,  but  the 
relative  fragility  of  the  equipment  makes  it  ill  suited 
to  field  applications.  The  cutback  method4  is 
commonly  used  and  is  generally  considered  the  most 
accurate  attenuation  measurement.  Since  cutback  is 
destructive,  for  a  Held  measurement  a  similar  method, 
attenuation  by  substitution  or  insertion  loss,  has  been 
used  with  little  loss  in  accuracy.  However,  either  of 
these  spectral  methods  have  other  disadvantages. 
First,  they  measure  only  end-to-end  attenuation  and 
give  no  resolution  of  the  attenuation  variation  along 
the  cable.  This  is  a  major  disadvantage  since  the  type 
of  submarine  cable  used  in  (he  trunk  network  usually 
represents  only  a  small  part  of  the  span,  and  the 
effect  of  hydrogen  on  a  one  or  two  kilometer 
submarine  cable  is  easily  lost  in  the  measurement  of 
20  or  30  kilometers  of  cable  between  Central  Offices. 
Second,  commercially  available  test  sets  require  that 
the  launch  and  detect  fibers  be  at  the  same  location, 
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which  requires  a  loopback  (o  measure  installed  cables. 
This  limitation  can  be  overcome  by  building  a  lest  set 
with  remote-end  capability,  but  this  increases  the  cost 
and  difficulty  of  the  measurement. 

Because  of  these  disadvantages  to  the  use  of  spectral 
attenuation  as  a  diagnostic  tool  for  measuring  the 
effects  of  hydrogen  on  installed  cables,  the  use  of 
OTDRs  for  this  purpose  was  investigated. 

23  Optical  Time  Domain  Reflcciomctry 

The  use  of  OTDRs  is  well  established,  as  arc  their 
advantages  and  disadvantages.  The  OTDR  performs 
a  single-ended  measurement.  However,  unlevs  the 
fiber  is  perfectly  uniform  along  its  length,  the 
attenuation  readings  of  the  OTDR  can  Ik  in  error 
due  to  the  differences  in  backscattcr  capture  along  the 
fiber.  In  practice,  this  disadvantage  can  lie  overcome 
by  performing  the  measurement  from  both  directions, 
but  this  eliminates  one  of  the  major  advantages  of  the 
OTDR. 

Another  advantage  to  (he  use  of  an  OTDR  is  its 
ability  to  resolve  the  variation  of  attenuation  along  the 
length  of  the  cable.  This  is  a  major  advantage  in  this 
work  since  the  submarine  cable  Is  typically  only  a 
small  portion  of  a  much  longer  cable  section,  and  the 
use  of  an  OTDR  permits  the  attenuation  of  the 
submarine  cable  to  be  isolated  from  the  attenuation 
of  the  rest  of  the  section.  Also,  if  the  submarine 
cable  is  sufficiently  long,  the  variation  of  the  hydrogen 
effect  along  it,  perhaps  due  to  depth  or  local 
environment,  can  be  studied. 

OTDRs  are  commonly  used  to  measure  single-mode 
fillers  at  1310  nm  and  at  1550  nm.  1310  nm  is 
relatively  insensitive  to  hydrogen,  but  1550  nm  is 
somewhat  more  sensitive.  However,  since  added 
attenuation  at  1550  nm  could  lie  caused  by  a  number 
of  factors,  including  hydrogen,  a  measurement  at  1550 
nm  is  not  a  conclusive  indicator  of  the  presence  of 
hydrogen.  For  a  conclusive  measurement  of  the 
hydrogen  effect,  an  OTDR  should  operate  at  1240 
nm,  a  wavelength  which  is  not  commonly  used  in 
OTDRs.  As  a  baseline,  from  which  the  added 
attenuation  due  to  hydrogen  can  be  calculated,  n  dual 
wavelength  OTDR,  operating  at  1310  nm  in  addition 
to  1240  nm,  is  needed.  Since  variations  in  backscattcr 
along  the  fiber  arc  not  highly  wavelength-dependent, 
bidirectional  measurements  arc  not  needed  to 
determine  the  difference  in  attenuation  at  these  two 
wavelengths.  Bidirectional  measurements  would  be 
needed  if  the  absolute  attenuation  at  either 
wavelength  were  desired. 


The  OTDR  used  for  the  measurements  reported  in 
this  paper  has  a  dual  wavelength  source  plug-in 
Operating  nominally  at  1240  nm  and  1310  nm.  The 
actual  operating  wavelengths  were  found  to  be  1236 
nm  and  1313  nm.  Since  the  center  wavelength  of  th 
"1240  nm"  laser  docs  not  correspond  exactly  to  l1 
center  of  the  hydrogen  peak  (which  we  hr 
measured  to  be  near  1238  nm),  the  measuremr  i 
made  with  this  OTDR  may  slightly  underestimate  the 
amount  of  hydrogen  present.  Comparisons  of 
spectral  scans  to  OTDR  measurements  has  given 
agreement  to  within  20%  at  1240  nm.  To  calculate  a 
hydrogen  indicator  in  a  manner  consistent  with  that  in 
the  previous  paper,3  the  attenuation  measured  at 
these  two  wavelengths  arc  subtracted,  and  the 
difference  in  the  Rayleigh  scattering  loss  expected  at 
these  two  wavelengths  is  also  subtracted  so  that  the 
hydrogen  indicator  represents  only  the  attenuation 
attributable  to  hydrogen  at  the  peak  near  1240  nm. 
The  scattering  loss  is  well  approximated  over  this 
limited  wavelength  range  as  where  X  is 

the  wavelength  in  p.m.  Between  the  measurement 
wavelengths  of  1236  nm  and  1313  nm,  scattering  loss 
then  would  be  expected  to  decrease  by  0.092  dB/km, 
leaving  for  the  hydrogen  indicator 

him Ur  “  a)2.w«i~aj3ijMi  “0,092 

This  hydrogen  indicator  should  be  zero  if  there  is  no 
hydrogen  present,  but  the  presence  of  OH~ 
absorption  will  typically  give  a  hydrogen  indicator  of  a 
few  hundredths  of  a  dB.  The  indicator  is  proportional 
to  the  partial  pressure  present,  and  a  value  ot  7 
dB/kni  would  imply  a  partial  pressure  of 
approximately  1  atm  of  hydrogen. 

To  automate  the  analysis  of  the  data  and  to  automate 
the  measurement,  a  portable  computer  was  interfaced 
to  the  OTDR.  The  computer  set  the  OTDR 
parameters  and  recorded  traces  at  both  wavelengths 
for  later  analysis. 

3.  Detailed  Results  of  Measurements 
3.1  Summary 

23  submarine  cables  from  the  Northeast,  South,  and 
Western  regions  of  the  continental  United  States  were 
measured  with  the  OTDR.  Each  cable  was  given  a 
one  letter  code  for  identification.  Since  Bellcore  was 
asked  not  to  disclose  (he  exact  location  of  these 
cables,  the  code  is  not  intended  to  be  mnemonic.  21 
of  the  23  were  armored  with  one  or  more  layers  of 
galvanized  steel  wires  (cable  N  was  unarmored,  and 
cable  X  was  armored  with  stainless  steel  wires  rather 
than  galvanized  steel  wires). 
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Data  was  analyzed,  as  described  in  the  previous 
section,  to  compute  a  hydrogen  indicator.  From 
marine  charts,  bottom  surveys,  or  information 
provided  by  the  local  engineers,  the  average  depths 
were  estimated.  Any  significant  departure  from 
uniform  attenuation  in  the  submarine  section  was 
noted,  and  three  cables  which  had  such  nonuniform 
behavior  arc  discussed  further  in  the  next  section. 
The  hydrogen  indicators  for  these  23  cables  arc 
summarized  in  Figure  2. 


2 

I 


VwVaV. 
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Figure  2.  Summary  of  Hydrogen  Measurements 

The  first  13  cables  (E  through  V)  were  placed  in  salt 
water  environments,  typically  bays  or  tidal  rivers.  The 
remaining  10  cables  (F  through  J)  were  placed  in 
fresh  water,  typically  inland  lakes  or  rivers.  The 
hydrogen  indicators  measured  range  from  nearly  zero 
(for  cables  N,  V,  J,  and  X)  to  13.0  dB/km  for  cable  F 
(a  fresh  water  crossing!).  In  absolute  terms,  the  levels 
of  hydtogen  indicators  plotted  in  Figure  2  correspond, 
at  7  dB/km  per  atmosphere,  to  partial  pressures  as 
large  as  1.9  atmospheres,  or  about  27  psi! 

3.2  Depth  Dependence 

Some  of  the  variability  from  cable  to  cable  may  be 
explained  by  the  differing  depths  of  the  cables.  An 
upper  limit  to  the  amount  of  hydrogen  present  can  be 
calculated  based  upon  the  fact  that  these  cables  will 
not  support  pressurization.  The  maximum  partial 
pressure  of  hydrogen  is  then  limited  by  the  ambient 
pressure,  which  is  a  function  of  the  depth  of  the  cable. 
The  upper  limit  to  the  hydrogen  indicator  is  then 

<7(1+^-)  dB/km 


where  d  Ls  the  average  depth  of  the  cable  in  feet. 
The  hydrogen  indicators  presented  in  Figure  2  can  be 
expressed  in  terms  of  a  percentage  of  this  predicted 
worst -ease  value  for  each  of  the  cables,  as  shown  in 
Figure  3. 
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Figure  3.  Hydrogen  Indicators,  Percent  of  Worst 
Case 

Accounting  for  depth  differences  in  this  manner 
explains  some,  but  not  all,  of  the  variability  in  the 
hydrogen  indicator  measured  for  these  cables,  as  can 
be  seen  from  the  greater  uniformity  from  cable  to 
cable  shown  in  Figure  3  as  compared  to  Figuio  2. 
However,  other  factors,  such  as  differences  in  cable 
design  or  the  local  environment,  cannot  be  neglected. 
Also,  it  should  be  pointed  out  that,  for  several  of 
these  cables,  the  average  depths  arc  at  best  rough 
estimates  since  marine  surveys  or  accurate  charts 
were  not  always  available. 

To  further  study  the  dependence  of  the  hydrogen 
indicator  on  depth,  Figure  4  plots  one  against  the 
other  for  the  19  cables  which  were  affected  by 
hydrogen  (excluding  hydrogen-free  cables  N,  V,  J,  and 
X,  which  will  be  discussed  in  more  detail  later). 
Cables  installed  in  fresh  water  arc  plotted  with  an  T 
on  this  plot,  and  salt  water  installations  arc  plotted 
with  an  MS".  Linear  regression  was  applied  to  the 
fresh  and  the  salt  water  cables  separately,  and  the  two 
best  fit  lines  arc  plotted  in  Figure  4.  The  higher  of 
the  two  is  the  best  fit  for  salt  water,  and  the  lower  is 
the  best  fit  for  fresh  water.  Correlation  coefficients 
arc  0.67  for  salt  water  and  0.89  for  fresh  water. 
Eliminating  the  one  outlier  at  60  ft  (cable  B) 
improves  the  correlation  for  salt  water  cables  to  0.81. 
Cable  B  was  unusual  in  several  respects,  as  will  be 
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Figure  4.  Depth  Dependence  of  Hydrogen  Indicator 

discussed  further  in  Section  4.  From  Figure  4,  it  is 
dear  that  salt  water  is  a  harsher  environment,  and  (he 
levels  of  hydrogen  observed  arc  consistently  higher  in 
salt  water  than  in  fresh  water. 

While  the  dependence  of  the  hydrogen  indicator  on 
depth  is  important,  this  one  factor  alone  docs  not 
explain  the  amount  of  hydrogen  present  in  these 
cables.  It  is  also  interesting  to  note  (hat  (he  y- 
intercept  of  the  best-fit  lines  arc  not  zero.  The  linear 
models  predict  that  a  submarine  cable  placed  at  the 
surface  would  have  a  hydrogen  indicator  of  about  3 
dB/km  in  salt  water  or  about  1  dB/km  in  fresh  water. 
This  prediction  war.  well  tested  by  cable  D,  which  was 
placed  in  a  shallow  fresh-water  swamp.  The  hydrogen 
indicator  for  cable  D  was  1.6  dB/km. 

J.J  Cables  with  no  Measurable  Hydrogen  Effect 

While  19  of  the  23  cables  arc  clearly  degraded  by 
hydrogen,  and  the  levels  of  hydrogen  encountered  arc 
extremely  large,  four  cables  arc  clearly  unaffected  by 
hydrogen-  cables  N,  V,  J,  and  X.  These  four  cables 
will  be  discussed  in  some  detail. 

Cable  N  is  significantly  different  from  the  others  in 
that  it  has  no  armor  wires.  The  cable  has  a 
conventional  poly-stccl-poly  jacket  and  was  installed 
across  a  salt  water  bay.  This  cable  was  buried  several 
feet  into  a  soft  bottom  soil,  and  since  there  was  no 
significant  boat  traffic  in  this  area,  armor  was  not 
needed.  Armored  submarine  cables  installed  in 
similar  environments  in  the  same  area  were  affected 
by  hydrogen.  The  absence  of  hydrogen  in  (his 
unarmored  cable  points  to  the  corrosion  of  the  armor 
wires  as  the  probable  source  of  hydrogen  in  the  other 


Cable  X  was  also  armored,  but  with  stainless  steel 
wires  rather  than  galvanized  steel  wires. 
Unfortunately,  cable  X  was  installed  only  7  months 
prior  to  the  measurement,  so  the  absence  of  hydrogen 
after  only  7  months  is  not  conclusive.  Hydrogen- 
generating  corrosion  and  diffusion  of  hydrogen  into 
the  core  of  the  cable  may  not  yet  have  reached 
equilibrium,  and  additional  measurements  arc  needed. 

Cables  V  and  J,  on  the  other  hand,  arc  armored. 
Cable  V  is  installed  in  salt  water  across  a  bay,  and 
cable  i  is  installed  in  a  fresh  water  river.  However,  in 
one  significant  regard,  the  construction  of  these  cables 
differs  from  most  of  the  other  armored  cables.  A  3 
mm  layer  of  lead  was  formed  between  the  armor 
wires  and  the  cable  core,  and  this  lead  evidently 
formed  a  barrier  to  the  entry  of  hydrogen  into  the 
cable  core. 

4.  Nnnunlform  Distributions  of  Hydrogen 

Three  of  the  cables  measured  had  significantly 
nonuniforra  distributions  of  hydrogen.  That  is,  the 
amount  of  hydrogen  varied  considerably  from  one 
part  of  the  cable  to  another.  This  might  be  expected 
if,  for  example,  the  depth  of  (he  cable  also  varied 
considerably,  or  if  the  bottom  conditions  were  more 
conducive  to  corrosion  at  one  end  of  the  cable  than  at 
the  other. 

First,  consider  cables  Y  and  Z.  These  two  cables, 
which  cross  the  same  bay  a  few  hundred  feet  apart, 
start  in  relatively  deep  wr'er  (40  to  45  feet)  in  a 
navigation  channel  at  the  end  nearest  the  point  where 
the  OTDR  was  located,  and  then  rise  to  a  relatively 
shallow  shelf,  8  to  10  feet  deep,  for  the  remainder  of 
the  crossing.  In  Figure  5,  the  OTDR  traces  for  cable 
Y  are  shown.  The  submarine  crossing  begins 
approximately  1.6  km  from  the  Central  Office  where 
the  OTDR  was  located,  and  it  ends  approximately  6.7 
km  away.  The  deep  water  section  lies  between  1.6 
and  2.4  km,  where  the  slope  of  the  1240  nm  trace  is 
noticeably  steeper  than  before  1.6  km.  However,  the 
steepest  section  begins  at  2.4  km,  continuing  to 
approximately  4.4  km,  where  the  slope  once  again 
becomes  relatively  shallow.  This  behavior  is  not  well 
correlated  with  the  depth  along  the  cable.  OTDR 
traces  for  Cable  Z  arc  similar,  except  that  the  route 
which  cable  Z  follows  is  slightly  shorter.  Traces  arc 
shown  in  Figure  6. 

Breaking  these  two  traces  into  three  regions,  over 
which  the  traces  arc  well  characterized  by  a  straight 
line,  and  applying  linear  regression,  the  hydrogen 
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Figure  5.  OTDR  Traces,  Cable  Y 
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Figure  6.  OTDR  Traces*  Cable  Z 

indicator  in  each  of  the  three  regions  for  the  two 
cables  can  be  computed.  These  arc  plotted  along 
with  the  attenuations  at  1310  nm  and  at  1240  nm  in 
Figures  7  and  8. 

In  the  previous  paper,5  spectral  attenuation 
measurements  for  these  two  cables  (which  were  then 
called  Cable  2),  revealed  that  the  levels  of  hydrogen 
were  significantly  different  between  the  two  cables. 
This  difference  between  two  identical  cables  installed 
in  the  same  environment  remains  a  mystery. 

Finally,  consider  cable  B.  In  Figure  9,  the  OTDR 
traces  arc  plotted,  and  in  Figure  10,  the  depth  profile 
is  plotted. 
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Figure  7.  Length  Dependence,  Cable  Y 
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Figure  8.  Length  Dependence,  Cable  Z 

Cable  B  has  three  distinct  regions  where  the  hydrogen 
indicator  is  well  characterized  by  a  straight  line- 
between  0.2  and  0.6  km,  between  0.6  and  1.6  km,  and 
from  1.6  km  to  the  end  of  the  cable  at  1.9  km.  The 
hydrogen  indicators  resulting  from  linear  fits  in  each 
of  these  three  regions  arc  plotted  in  Figure  11.  If 
depth  were  the  dominant  environmental  factor,  then 
the  middle  region,  which  is  the  deepest,  would  have 
the  most  hydrogen.  In  fact,  it  has  the  least.  The 
relatively  shallow  region  between  0.2  and  0.6  km, 
where  the  depth  varies  from  30  to  70  feet,  has  by  far 
the  most  hydrogen,  with  a  hydrogen  indicator  of  just 
under  14  dB/km.  This  corresponds  to  a  partial 
pressure  of  just  under  2  atmospheres,  which  is  still 
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Figure  9.  OTDR  Traces,  Cable  B 
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Figure  10.  Depth  Profile  of  Cable  B 

slightly  below  the  predicted  worst-case  value  for  this 
region  of  the  cable,  which  has  an  average  depth  of  50 
feet. 

In  these  three  cases,  the  variation  of  the  hydrogen 
indicator  along  the  cable  is  poorly  correlated  with  the 
depth.  Other  unknown  factors,  such  as  environmental 
variations  or  variations  in  cable  construction,  must 
account  for  this  anomaly. 

5.  Time  Dependence  of  Cable  B 

In  the  previous  paper3,  the  time  dependence  of  one 
cable  was  studied  over  a  14  month  period,  and  a 
power  law  model  for  the  observed  hydrogen  indicator 


Figure  11.  Length  Dependence,  Cable  B 

was  postulated  (this  cable  was  "Cable  Number  1"  in 
the  previous  paper).  A  power  law  exponent  of  0.24 
gave  a  correlation  coefficient  of  0.99.  One  additional 
spectral  measurement  of  this  cable  was  performed, 
and  the  time  dependence  is  shown  in  Figure  12.  With 
this  additional  measurement,  the  best  fit  power  law 
exponent  is  now  0.18,  which  is  significantly  lower. 
However,  the  correlation  has  dropped  to  0.96. 
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Figure  12.  Time  Dependence  of  Cable  B 

In  spite  of  the  change  in  the  power  law  exponent,  the 
conclusion  reached  in  the  previous  paper  that  the  rate 
of  increase  in  the  hydrogen  indicator  with  time  is 
slowing  is  still  valid.  One  possible  explanation  for  this 
slowing  can  be  found  in  the  length  dependence  of  the 
hydrogen  indicator,  as  presented  in  the  previous 
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section.  Since  most  of  the  hydrogen  is  isolated  in  one 
small  section  of  the  cable,  where  the  partial  pressure 
of  hydrogen  is  approaching  the  ambient  pressure, 
significant  diffusion  of  hydrogen  out  of  this  cable 
section  is  undoubtedly  significant,  ar*d  this  diffusion 
may  limit  further  increases. 

6.  Conclusions 

We  have  reported  that  almost  all  armored  cables  in 
either  fresh  or  salt  water  submarine  environments  arc 
affected  to  some  degree  by  the  effects  of  molecular 
hydrogen.  Only  four  cables  were  unaffected.  Two 
had  a  layer  of  lead  under  the  armor  wires  providing 
an  hermetic  barrier  to  the  entry  of  hydrogen 
generated  by  the  corrosion  of  the  armor  wires.  We 
expect  that  all  submarine  cables  containing  Inters  of 
galvanized  armor  wires  will  be  impaired  to  some 
extent  by  molecular  hydrogen  unless  some  hermetic 
barrier  to  the  hydrogen  is  present. 

The  levels  of  hydrogen  encountered  depend  upon  the 
depth  and  upon  the  salinity  of  (he  water,  but  other 
local  environmental  and  cable  design  factors  also  have 
a  significant  effect.  In  three  eases,  the  variation  of  the 
level  of  hydrogen  encountered  along  the  submarine 
cable  varied  significantly  and  in  a  fashion  which  was 
not  correlated  to  the  depth  of  the  cable.  Also,  two 
cables  of  identical  designs  installed  across  the  same 
body  of  water  but  several  hundred  feel  apart  behaved 
significantly  differently.  We  conclude  from  these 
observations  that  local  variation;  in  the  environment, 
such  as  the  nature  of  the  sediment  or  depth  of  burial, 
play  an  important  role  in  determining  the  amount  of 
hydrogen  generated. 

In  the  previous  paper,  we  recommended  that  users 
leave  sufficient  margin  in  span  designs  for  the  worst- 
ease  loss  increase,  which  can  be  predicted  from  the 
average  depth  r/  in  meters  and  the  length  L  in 
kilometers  as  follows: 

0.3  L  +  1  j  dB  between  1290nm  and  1330nm 

0.8  L  j-^  +  1 1  dB  between  1525nm  and  1575nm 

This  paper  has  reinforced  that  conclusion.  Loss 
increases  of  as  much  as  54%  of  these  worst-case 
values  have  been  observed. 

To  avoid  the  effects  of  hydrogen  in  submarine  cables, 
two  alternative  design  paths  should  be  considered. 
First,  using  existing  armor  designs,  some  hermetic 
barrier  to  the  entry  of  hydrogen  should  be  provided. 


This  could  take  the  form  of  a  metallic  tube  protecting 
the  cable  core,  and  may  be  of  formed  lead  or  other 
impermeable  metal  with  a  soldered  or  welded  scam. 
An  overlapped  scam,  which  was  present  in  many  of 
the  cables  tested,  is  not  sufficient  to  prevent  the  entry 
of  hydrogen.  Alternatively,  hermetically  coated 
optical  fibers  could  be  used  to  prevent  the  entry  of 
hydrogen.  Such  coatings  must  be  optimized  for 
resistance  to  the  entry  of  hydrogen  rather  than  for  a 
reduction  in  susceptibility  to  static  fatigue,  as  is 
commonly  done. 

A  second  possible  design  path  for  the  prevention  of 
deterioration  due  to  hydrogen  is  to  avoid  generating 
hydrogen  in  the  armor  wires.  This  might  be 
accomplished  by  using  corrosion-resistant  metals  in 
the  armor  wires  or  by  coating  the  armor  wires  with  a 
protective  polymer.  However,  stray  current  pickup 
could  still  lead  to  the  generation  of  hydrogen. 
Additional  measurements  of  installed  cables 
containing  corrosion-resistant  metals  arc  needed  to 
determine  whether  this  approach  is  effective. 

The  nature  of  the  corrosion  which  provides  the  source 
of  the  hydrogen  found  in  these  cables  has  not  yet 
been  positively  identified.  Both  bacterial  and  galvanic 
corrosion  arc  consistent  with  these  observations. 
Work  continues  at  Bellcore  toward  a  better 
understanding  of  the  nature  of  this  corrosion. 
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INVESTIGATION  OF  TOTAL  AND  DISTRIBUTF.D  HYDROGEN  LEVEI.S  IN 
INSTALLED  FIBEROPTIC  SUBMARINE  CABI.ES 


S.  lloplnnd 
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Cables  Division, 

Oslo.  NORWAY. 


ABSTRACT 

In  this  paper  vo  present  now  data  for  Hydrogen 
induced  attenuation  in  installed  Fiberoptic 
submarine  cables  in  which  no  hydrogen  barrier  was 
used.  We  hnvc  performed  both  spectral  measurements 
and  used  a  1238  nm  OTDR  module  to  examine  the 
hydrogen  induced  loss.  We  hove  shown  that  the 
hydrogen  levels  within  2*^  years  after  installation 
nro  mich  lower  than  reported  by  others.  A  trend  for 
a  small  increase  in  hydrogen  induced  loss  at  12*1*1 
nm  with  time  hava  been  observed.  No  evident 
hydrogen  induced  loss  dcpendancy  on  sen  depth  was 
found.  Enhanced  hydrogen  evolution  was  registered 
in  n  small  region  near  a  damage  on  the  outor  Jnckot 
of  the  cable.  Wo  bollovc  that  a  corrosion  process 
is  responsible  for  the  observed  hydrogen  evoluton. 


1.  INTRODUCTION 

In  recent  years,  a  lot  or  attention  has  been 
Tocuscd  on  the  effects  or  hydrogen  in  fiberoptic 
cables  .  The  evolution  of  hydrogen  gas  (ll2)  inside 
or  outside  the  cable  wlli,  if  ll2  is  allowed  to 
diffuse  into  the  fibre  core,  cause  attenuation 
increases  which  may  impair  the  signal  transmission. 

The  presence  of  molecular  hydrogen  (li2)  in  the  core 
of  an  optical  fibre  causes  attenuation  increases 
with  characteristic  spectral  features.  The  most 
evident  is  a  strong  and  narrow  absorption  peak  near 
12*10  na  1 .  At  the  transmission  wavelengths  1300  nm 
and  1550  nm  the  loss  increase  is  such  smaller,  but 
generally  increases  with  increasing  wavelength  1 .  A 
small  absorption  peak  appears  at  1590  nm  .  If  the 
hydrogen  in  the  fiber  core  has  reached  cqulibrium 
with  the  hydrogen  source,  the  induced  loss  at  the 
12*10  nm  peak  wavelength  is  directly  related  to  the 
hydrogen  partial  pressure  at  the  fiber  surface  2 ■ 
and  thus  an  indicator  of  the  hydrogen  level  in  the 
cable  core.  From  the  height  of  the  12*10  nm  peak  we 
con  also  estimate  the  induced  losses  at  other 
wavelengths. 

In  single  mode  fibres,  losses  can  also  bo  induced 
by  reactions  of  li2  with  hydroxyl  (OH* ) ;  thereby 
increasing  the  absorption  peak  at  1380  nm  3.  Also, 
a  broadbanded  attenuation  will  be  induced  4 .  The 
magnitude  of  these  losses  are  dependant  on  hydrogen 
level,  time,  temperature  and  fiber  type.  It  can  be 
shown,  however,  that  in  a  submarine  cable  life  time 


(30  years)  at  »  3*5  °C,  these  losses  are  negligible 
compared  to  the  ll2  induced  losses  for  all  relevant 
hydrogen  levels  at  the  transmission  wavelengths 
1300  na  and  1550  nm  5. 

In  some  submarine  cable  constructions  a  hermetic 
metal  tube  encloses  the  cnblo  core  and  forms  a 
hydrogen  barrier.  Here,  the  hydrogen  generated 
outside  the  tube  is  prevented  from  diffusing  into 
the  cable  core.  On  the  other  hand,  hydrogen  fron 
inside  the  tube  is  not  allowed  to  diffuse  out. 
Another  method  of  preventing  hydrogen  to  .reach  the 
fibers,  is  the  use  of  hydrogen  absorbing  filling 
compounds.  Other  constructions,  like  the  ones  used 
by  the  Norwegian  Telecommunications  Administration 
(N.T.A) ,  do  not  use  any  hydrogen  barriers,  which 
allows  for  hydrogen  to  diffuse  freely  in  and  out  of 
tho  cable  structure.  In  this  case,  extrn  precaution 
must  be  taken  in  selecting  proper  materials  in  the 
cable  construction  to  avoid  hydrogen  evolution. 

So  far,  few  data  about  hydrogen  levels  in  installed 
submarine  cobles  hnvc  been  roported.  Recently, 
alarming  levels  of  hydrogen  were  observed  in  some 
installed  submarine  cables  or  tho  "open  "  typo, 
which  severely  restricted  their  use  6. 

In  this  work,  wo  have  examined  tho  hydrogen  lcvals 
in  a  number  of  our  installed  submarine  cables.  We 
present  new  data  of  the  hydrogen  Induced 
attenuation  and  offer  some  indications  of  the 
reasons  for  tho  hydrogen  evolution. 


2.  CABLE  CONSTRUCTION  AND  MARINE  ENVIRONMENT 

The  N.T.A.  uses  cables  from  two  different  manu¬ 
facturers.  The  cable  construction  consist  of  a 
metal  free  cable  core  which  may  be  of  tho  slotted 
core  or  the  loose  tube  design.  Tho  cable  core  is 
surrounded  by  a  jacket  of  polyethylene,  and  then 
follows  an  armour  consisting  of  one  or  two  layers 
of  galvanized  steel  wires.  Two  layers  of  steel 
wires  are  applied  if  extra  tensile  strength  is 
needed  for  protection.  A  bitumen  or  asfalt  filling 
compound  is  used  around  the  steel  wires  to  prevent 
longitudinal  water  intrusion  and  corrosion. 
Finally,  an  outer  jacket  of  high  density  poly¬ 
ethylene  forms  an  extra  protection  against  water 
corrosion.  The  coble  construction  for  one  layer  of 
steel  wires  is  shown  in  Fig.  1. 
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Figure  1:  Submarine  cable  construction. 


Wo  have  installed  several  subaarino  cables  along 
the  N.  rwcglan  coastline  as  paru  of  our  regional 
and  trunk  network,  the  cables  are  usually  laid 
directly  on  tho  bottom  of  the  sea.  The  sea  floor 
conditions  are  not  known  in  details.  Typically,  the 
bottom  say  be  rocky,  or  it  say  consist  of  clay  and 
sand.  The  depths  aay  vary  between  20  and  1000 
actors  anti  the  writer  condticns  ere  salt. 


1.  HYDROGEN  SOURCE 

In  our  subaarlne  cables,  potential  hydrogen  snurces 
are  degradation  of  polyaer  Materials  and  outgassiug 
or  selfcorrosion  or  actal  aeabers. 

All  the  aaterinls  used  in  tho  cables  froa  the  two 
aanufacturcrs  were  tested  individually  for  hydrogen 
outgasslng  (in  dry  ataosphero)  at  elevated  teape- 
raturcs  by  aeons  of  gas  chroaotography.  Only 
ncgllgable  hydrogen  evolution  was  observed  in  these 
experiments. 

However,  in  an  agoing  test,  whore  a  long  length 
of  cnblQ  was  kept  at  ♦  70°  C  for  7  days,  an 
absorption  peak  near  12*10  r.a  was  detected;  showing 
tho  presence  of  hydrogen.  When  this  agoing  test  wns 
performed  on  a  duct  coble,  which  is  essentially 
identical  to  tho  inner  pnrt  of  the  subaarino  cable 
except  for  the  araour  and  the  asfnlt/bituaon 
rilling,  no  traces  of  hydrogen  was  found. 

Tit  is  suggested  that  hydrogen  was  generated  froa  the 
combination  of  steel  wires  and  asfalt/bituacn, 
probably  ns  a  result  of  a  corrosion  process 
assisted  by  remnants  of  water  in  tho  filling 
coapound. 


*1.  MEASUREMENTS 

*1.1  Spectral  measurements 

Spectral  measurements  were  performed  using  a 
spectrum  analyzer  with  u  wavelenght  accuracy  of  ♦, 
0.5  nm.  A  stabilized  white  light  source  was  placed 
in  the  far  end  of  the  measured  cable  section.  The 
sections  consisted  of  partly  submarine  cable  and 
partly  land  cable.  Typically,  the  submarine  cable 
constituted  50  -100  %  of  the  measured  cable 
section. 


Initially,  spectral  loss  curves  were  compared  with 
loss  curves  taken  with  a  standard  laboratory 
equipment,  and  very  good  agreement  was  found. 

The  peak  wavelenght  or  the  ll4  absorption  was  round 
to  be  12'i*i  nm. 


*1.2  OTBR  measurements 


In  addition  to  tho  spectral  measurements,  an  0TDR 
with  a  laser  source  operating  at  1238  nm  wavelength 
was  used  .  This  is  a  6  nm  offset  from  the  H«  peak 
wavelength.  Therefore,  the  observed  loss  increase 
at  1238  nm  is  only  half  or  the  loss  increase  st 
12*1*1  nm  7.  From  the  0TDR  traces,  we  could  reveal 
possible  variations  of  the  hydrogen  induced  loss 
along  the  individual  submarine  cable  lengths. 

Standard  0T0R  equipments  at  1318  nm  and  1550  nm 
were  vised  for  control  measurements. 


*<■3  Measured  cables 


We  have  measured  11  different  submarine  cables 
with  slnglo  armour  from  two  different  manu¬ 
facturers.  The  cables  had  been  in  the  sea  en¬ 
vironment  for  r  time  period  of  0.5  -  2  years,  and 
the  averago  sea  depth  were  ranging  from  20  to  800 
meters  ns  shown  in  Table  1. 


Sub¬ 

marine 

cable 

Length 

(k«) 

Time  after 

installation 

(months) 

Average 
sea  depth 
(") 

1  * 

n.«« 

15 

100-150 

2 

5.7 

19 

*150-500 

3  ** 

8.9 

15.5 

50 

*1 

10.8 

6 

225 

5 

10.6 

6*5 

100 

6 

13. *i 

6.5 

700-900 

7 

n.8 

15 

10-20 

8 

10.7 

15 

100-150 

9 

n. i 

11.5 

100-150 

10 

7.1 

2*1 

500 

11 

5.** 

19 

*100-500 

Number  of  steel  wires  in  the  armour:  9~H* 

This  cable  has  13  steel  wires  in  tho  armour. 
**  Cable  has  daaogo  on  outer  Jacket  (sec  5*2.2). 
’**  This  cable  has  nsfolt/polypropylcne  yarn  as 
outer  Jacket. 

Table  1:  Measured  submarine  cobles 


Soulier  lenghts  of  cable  (leftovers)  from  sooc  of 
the  cables  listed  in  Table  1,  which  were  stored 
dry  on  land  at  approximately  *  10  0  C,  were  also 
measured.  Long  lenghts  of  fiber  were  provided  by 
looping  fibers  in  each  cable  sample. 
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5.  XEASDHEMEXT  REStfl.TS 
5.1  Spactral_»«**uroai?ntg 

Since  the  installed  cables  were  after  at 
least  6  aonth*  In  the  sea,  wo  can  assume  that  the 
hydrogen  diffusion  ha*  reached  stationary 
condition,  and  that  the  Induced  losses  at  12M  na 
reflect  the  hydrogen  level  In  the  cable  core. 

The  hydrogen  induced  loss  at  12Vi  na  was  calculated 
fro*  the  spectral  loss  curve.  A  esmctlon  was  aado 
for  the  contribution  of  the  IJflO  na  peak  *.  The 
latter  Is  usually  negligible,  but  will  play  a  role 
when  the  hydrogen  induced  losses  becoaes  saall.  Wo 
aessured  routinely  3  fibers  in  each  cable,  and 
average  values  were  used  In  the  calculations. 

The  hydrogen  induced  losses  of  the  Installed  cables 
at  IS*!1!  na  are  plotted  versus  average  sea  depth  ns 
shewn  in  Pig.  2,  and  versus  time  after  installation 
as  shown  in  Pig.  3-  Also  included  in  Fig.  3  are  the 
hydrogen  induced  losses  at  12M  na  of  corresponding 
cable  lenghts  stored  dry  on  land  Tor  the  saw  tine 
period. 


Proa  Pig.  2,  there  are  no  evident  indications  of 
any  depth  dependnnee  of  the  hydrogen  induced  loss. 
This  was  further  investigated  by  aesns  of  the  1233 
na  nodule  (see  section  5.2.1). 

The  observed  hydrogen  induced  losses  or  the 
installed  cables  are  approximately  one  order  of 
magnitude  lower  than  reported  earlier  *.  No 
attenuation  increases  attributable  to  hydrogen  at 
1318  na  and  155O  na  could  be  detected  in  the 
csbles. 

The  hydrogen  Induced  losses  in  the  dry  stored  cable 
samples  ace  systematically  lower  than  in  the 
corresponding  installed  cables.  The  corrotion 
process  which  Is  depcndnnt  on  snail  amounts  of 
water,  have  decreased,  possibly  ns  n  result  or  a 
drying  effect  of  the  long  term  storage  of  the  cable 
samples. 

Cable  no.  10  has  a  different  outer  protection 
(Agfalt/polypropylenc  yam)  than  the  other  cables. 
This  seen*  not  to  affect  the  hydrogen  evolution  in 
the  cable  significantly,  at  least  at  this  tine  of 
observation  (cce  Pig.  3)* 


ty*«an  ham* 
W/M 


p  a 


->  w 


Figure  2:  Hydrogen  induced  loss  versus  average  con 
depth,  for  different  cables. 


Tim  awr 


Figure  3!  Hydrogen  Induced  loss  versus  tiao  of tor 
installation  for  different  cables. 


All  the  measurements  have  been  aado  on  different 
cables,  which  have  been  in  the  sen  for  different 
durations,  and  the  data  indicate  a  slight  increase 
in  the  hydrogen  induced  loss  with  tiao.  To  further 
investigate  this,  some  or  the  cables  have  been 
rcacasured  6  months  later,  and  tho  results  are 
shown  in  Pig.  *1. 
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Figure  ;l:  Hydrogen  evolution  versus  tiao  on 
individual  cobles. 


A  saall  attenuation  increase  with  tiao  have  been 
registered  on  cables  with  high  density  polyethylene 
Jackets.  An  interesting  observation  was  that  tho 
attenuation  increase  in  the  cable  with  asfolt/- 
polypropyleno  yam  was  aore  pronounced  than  in 
cables  with  high  density  polyethylene  (see  Fig.  4). 
In  the  cobles  with  the  lowest  hydrogen  levels,  it 
bccoacs  generally  difficult  to  detect  saall 
changes,  and  here  aore  tiao  and  further  neasurc- 
aents  are  needed  to  detect  possible  changes  in 
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hydrogen  level*.  However,  Che  repented  acasurcacnts 
Indicate*  a  trend  for  n  *»nll  lncrenso  in  hydrogen 
Induced  loss  with  tine. 

Obviously,  for  the  installed  cable*  no  drying 
effect  will  take  place.  On  the  contrary,  water  any 
slowly  penetrate  the  outer  Jacket,  and  increase  the 
water  content  in  the  vinclnity  of  the  nraour  steel 
wires,  this  would  tend  to  increase  the  corrotion 
and  hence  the  hydrogen  evolution  on  a  long  Cera 
basis,  which  have  been  observed  in  our  acasurc- 
•ents.  On  the  other  hand,  it  i*  well  known  that 
corrotion  decreases  with  tiae.  Therefore,  it  1* 
difficult  to  predict  any  tine  dependence  of  the 
hydrogen  evolution  at  this  point  of  investigation. 
More  data  fro«  the  Installed  cAble*  over  a  longer 
tine  period  arc  required  in  addition  to  data  iron 
relevant  laboratory  experiaents. 


5.2  1238  nn  OTOR  neasurenrnts 

The  1238  nn  OTOR  was  used  as  a  supplenent  to  the 
spectral  neasurenents.  In  cases  whore  it  was  not 
•'ossible  to  obtain  spectral  loss  curves,  tho  1238 
nn  OTOR  readings  were  used  to  calculate  the 
hydrogen  induced  loss  at  12M  nn  We  nensured 
routinely  3  fibers  in  each  cable,  and  averago 
values  were  used  in  the  calculations.  The  OTOR 
nodule  was  also  used  to  reveal  possible  variations 
of  the  hydrogen  Induced  loss  along  the  cable 
lenghts.  Possible  variation*  duo  to  depth  and  local 
hydrogen  sources  could  readily  be  registered  with 
the  OTOR  nodule. 


5.2.1  Depth  dependance  of  hydrogen  induced  loss 

The  1238  nn  OTOR  traces  wore  exnnincd  and  conpared 
to  the  sea  depth  profiles  of  the  installed  cables. 
In  general,  nany  of  the  OTOR  traces  were 
essentially  straight  lines.  Xn  sone  cables,  snail 
variations  in  the  slope  of  the  traces  were 
observed.  However,  there  were  no  systcaatlc  corre¬ 
lation  between  these  variations  and  the  corre¬ 
sponding  depth  profiles.  The  variations  nay  bo 
attributable  to  pnraneters  in  the  arnouring  process 
during  fabrication.  A  typical  cxaaplc  of  nn  OTOR 
trace  is  shown  in  Fig.  5<  The  sea  depth  profile  is 
also  shown. 


In  suanary,  our  data  show  no  evident  dcpendance  on 
depth  of  the  hydrogen  Induced  losses.  This  is  in 
contrast  to  An  earlier  report  *. 


5.2.2  Local  hydrogen  source 

For  one  of  tho  subaarino  cables  (cable  no.  3:  loose 
tube  design)  we  had  to  change  the  cable  route  after 
the  cable  had  been  laid.  Part  of  the  cable  was 
retrieved,  and  relaid  in  a  different  route.  During 
the  retrieval,  the  cable  Jacket  was  slightly 
daaaged  on  two  locations  due  to  so«o  unintended 
friction  with  rock*  on  tho  sea  bottoa.  The  cable 
was  measured  after  21  aonths  with  OTOR.  The  1238  na 
and  1310  na  OTOR  traces  are  shown  in  Fig.  6.  At  the 
daaaged  points,  the  traces  revealed  saall  regions 
(200-300  aeters)  with  high  hydrogen  Induced  losses. 
Here,  the  hydrogen  induced  loss  was  estiaated  to  be 
approxiaately  one  order  of  aagnitude  higher  than 
tho  rest  of  the  cable.  Longitudinal  water  intrusion 
and  Increased  hydrogen  evolution  due  to  corrosion 
explains  this  effect. 


Figure  6:  Increased  local  hydrogen  evolution  caused 
by  daaaged  outer  Jacket. 

On  a  test  cable,  the  tiae  evolution  of  the  local 
hydrogen  source  due  to  daaago  on  the  outer  Jacket 
was  studied  7 .  The  hydrogen  evolution  lnceased 
rather  quickly  (in  a  few  aonths),  but  secas  not  tc 
increase  significantly  with  tiae  in  a  tiae  scale  of 
1-2  years. 

The  "steps"  in  the  OTOR  traces  attributable  to  the 
local  hydrogen  sources  were  typically  0. 1-0.2  dQ 
at  1238  na  after  1-2  years.  For  a  cable  lenght  of 
10  ka,  this  corresponds  to  an  increase  of  0.01-0.02 
dO/ka  in  the  overall  hydrogen  induced  loss  at  1238 
na.  Froa  the  viewpiont  of  increased  .  attenuation, 
this  is  not  crucial.  However,  a  short  cable  length 
near  the  jacket  daaage  is  exposed  to  a  high 
corrosion  level,  and  this  could  degrade  the  tensile 
strength  of  the  araour  wires  on  a  long  tiae  scale. 

Only  these  two  incidents  of  local  hydrogen  sources 
attributable  to  daaaged  outer  jackets,  caused  by 
recovery  of  submarine  cable,  were  observed. 
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6.  CONCtUPINO  RKXARKS 

Vo  have  In  this  investigation  supplied  at  now  sot 
of  data  of  hydrogen  induced  losses  in  hydrogen 
barrier-free  installed  submarine  cables  which  are 
•ore  optimistic  than  reported  earlier.  By  spectral 
and  1238  ne  OTOR  measurement.?  vu  have  shown  that 
the  hydrogen  levels  within  years  after 
installation  on  cables  with  one  layer  of  araour 
wires  are  low.  Vo  have  not  been  able  to  dotect 
attenuation  increases  attributable  to  hydrogen  at 
the  transaission  wavelenghts  1318  na  and  1550  na. 
The  evidence  indicates  that  corrosion  is  the 
hydrogen  generating  scchanisa.  Ve  have  so  far 
observed  a  trend  for  a  saall  increase  in  hydrogen 
levels  with  tiao  for  cables  with  a  high  density 
polyethylene  outer  Jacket.  A  acre  pronounced 
attenuation  increase  was  registered  when  an  outer 
Jacket  of  asfnlt/polypropylene  yam  was  used, 
probably  ns  n  result  of  poorer  corrosion  resistance 
of  the  outer  Jacket.  No  evident  dependence  of 
hydrogen  induced  loss  on  sea  depth  was  found. 

Increased  corrotion  and  hydrogen  evolution  havo 
been  observed  locally  when  the  enbla  outer  jacket 
was  dnanged  and  sea  water  was  allowed  to  penetrate 
along  the  nmourlng  wires.  However,  if  the  nusber 
of  such  dosages  are  kept  low,  it  will  only  iapose 
saall  increase  in  the  overall  hydrogen  induced 
attenuation. 
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ABSTRACT 

Tlte  increasing  number  of  fiber  optic  routes  being  installed 
leads  to  an  increasing  number  of  underwater  installations 
Expensive  right-of-way  considerations  have  Ic.i  to  mldid-tnl 
planned  "water  crossings"  in  which  optical  liber  cables  arc 
installed  across  rivers,  lakes,  and  bays.  Added  loss  do;  to 
hydrogen  generation  has  been  observed  in  underwater  optical 
liber  cable  installations  using  conventional  galvanised  steel 
armor  wire.  'Hie  effect  has  been  observed  in  different  cable 
designs  from  multiple  suppliers.  Extensive  on-site 
measurements  and  tank  testing  of  wire  armor  cable 
immersed  in  sea  water  has  continued  these  phenomena. 
Long  haul,  undersea  (transoceanic)  type  cables  (where  filters 
arc  contained  in  a  hcmtetlcally  sealed  mite)  have  not 
experienced  similar  H+  problems. 

A  new  Cotrosion-Reslstnnt  Armor  design  Is  Introduced  that 
uses  stainless  steel  armor  wires  in  conjunction  with  plastic 
coalings  as  a  superior  corrosion  preventive  measure  and  to 
prevent  the  //>  effects.  This  paper  introduces  die  new 
armor  design,  discusses  the  //^-generation  mechanisms,  and 
presents  over  a  year  of  test  data  that  verify  that  the 
improved  armor  structure  eliminates  the  //y  induced  cable 
problems. 


1.0  INTRODUCTION 

Over  the  last  decade,  optical  fiber  cable  has  experienced  a 
meteoric  rise  as  the  predominant  means  of  transmission 
media  in  new  voice  and  data  communications.  Because  of 
the  increasing  number  of  optical  liber  cable  miles  being 
installed  in  recent  years,  an  increasing  number  of  underwater 
installations  have  been  necessary.  In  many  instances,  these 
so-called  water  crossings  have  been  made  to  effect  the  most 
economical  right-of-way  acquisition. 

A  recent  paper  by  W.  T.  Anderson  ct.  ill.1  re|iortcd  spectral 
attenuation  measurements  of  installed  armored  "submarine" 
cables  from  several  suppliers  that  contain  single  mode  libers 
showing  increased  attenuation  because  of  the  presence  of 
molecular  hydrogen.  The  submarine  (i.c„  underwater) 
environment  typically  requires  armoring  the  optical  liber 
cable  with  one  or  more  layers  of  armor  wire,  both  for 
mechanical  protection  from  marine  traffic  as  well  as  to 
provide  sufficient  weight  for  the  cable  to  remain  at  the  water 
bottom.  The  Anderson  paper1  suggested  a  number  of 


possible  sources  for  the  hydrogen  generation,  including 
corrosion  of  the  galvanized  steel  wires  typically  used  In 
wire-armored  optical  fiber  cable,  but  did  not  draw  a 
conclusion  about  the  //j-gcncration  mechanism.  This  paper 
discusses  the  //^-generation  mechanism  in  detail  and 
presents  supporting  test  data.  An  improved  armor  structure 
is  introduced  that  eliminates  the  //; -induced  cable  problems. 

The  improved  Corrosion-Resistant  Armor  design  solves  the 
// j  problem  by  eliminating  tlte  //*  generation  source.  Tins 
differs  from  tlte  approach  of  long  haul,  undersea 
(transoceanic)  type  cables  which  employ  hermetically-sealed 
tubes1  to  block  Hz  ingress  to  the  fiber  areas.  Another  //;• 
blocking  approach  is  to  use  hcrmeiically-coaicd  filters  to 
stop  tlte  //;  diffusion  at  die  fiber  surface.1  UcniKtically- 
coated  fibers  can  also  be  used  with  the  //^resistant  sheath 
approaches  as  an  extra  measure  of  protection. 

2.0  I f2- GENERATION  DUE  TO  GALVANIZED 
STEEL  ARMOR  WIRE  CORROSION 

Typically  an  underwater  eable  (other  than  specially-designed 
cable  for  long  undersea  routes)  includes  a  core  portion 
comprising  terrestrial  optical  fiber  cable.  This  core  is 
protected  in  water  crossings  by  an  overshcatli  with  layers  of 
metallic  strength  members  and  twine  bedding  as  well  as  n 
tar-impregnated  twine  outer  protective  wrap  as  shown  in 
Figure  1.  In  conventional  practice,  the  strength  members  of 
the  armor  layer  of  the  cable  are  made  of  galvanized  steel 
wire. 


Figure  1.  Typical  Overstientli  Design  Using  Galvanized 
Steel  Armor  Wire  /or  Fiber  Optic  Underwater 
Cable 
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When  an  underwater  cable  is  deployed,  water  enters  the 
twine  layer  ami  migrates  to  the  interstices  of  the 
armoring  wires  because  the  tar  coating  on  the  v» 
protective  twine  wrap  tkes  not  fomt  an  integral  water 
blocking  sheath.  With  the  water  in  contact  with  the 
galvanized  steel  armor  wires,  self-corrosion  ami  hydrogen 
generation  may  occur. 

Hydrogen-induced  attenuation  at  both  the  1310  and  155Q  nm 
operating  wavelengths  hzs  been  observed  in  Installed, 
armored  underwater  optical  fiber  cables  that  include  the 
conventional  galvanized  armor  wires.  Test  data  show  that 
even  when  the  eorc  portion  of  the  underwater  cable 
generates  no  hydrogen,  added  loss  ean  occur  because  of  the 
armor  wire  corrosion. 

All  metals,  except  the  noble  metal  gold,  have  some  finite 
corrosion  rate  in  natural  environments.  When  a  metal 
corrodes,  the  surface  is  covered  by  micm/maeroseopic  ceils 
where  an  anodic  (oxidation)  reaction  occurs,  i.e.,  corrosion 
of  the  metal,  but  the  surface  also  Is  covered  by 
nticicVmacroscopic  cells  where  a  cathodic  (reduc'ion) 
reaction  takes  place.  In  acidic  and  neutral  waters  this 
cathodic  reaction  can  produce  the  deleterious  hydrogen 
molecules.  In  order  for  corrosion  to  occur,  a  cathodic 
reaction  must  occur  to  consume  the  electrons  liberated  in  a 
corrosion  reaction,  otherwise  the  corrosion  reaction  cannot 
take  place.  Metals  characterized  by  a  relatively  high 
electrochemical  reactivity  arc  referred  to  ax  active  metals, 
and  will  Ik  more  likely  to  produce  hydrogen  than  a  metal 
characterized  by  a  relatively  low  electrochemical  reactivity. 


2.1  Hydrogen  Entrapment  In  Vicinity  of  Fibers 

in  the  original  traditional  nnnored  cable  designs,  it  was 
thought  that  because  the  outer  sheathing  of  the  cable  was 
comprised  of  twine  with  an  application  of  tar  material  to  die 
twine,  that  any  hydrogen  which  wax  generated  would 
migrate  out  of  the  cable  and  thus  no  added  loss  would 
occur.  Tills  has  been  found  to  be  an  incorrect  assumption. 

Unfortunately,  Kydrogcn  does  not  diffuse  readily  or 
completely  out  of  die  armored  cable  stniciure.  Ilic  induced 
//;  loss  scenario  is  as  follows.  Water,  in  the  vicinity  of  the 
wire  ouier  strength  members  interacts  with  die  zinc  coated, 
i.e.,  galvanized,  wire  and  causes  corrosion.  Corrosion  causes 
hydrogen  gas  to  be  given  off.  The  hydrogen  that  is 
generated  inside  the  cable  occupies  die  interstices  in  the 
cable.  Bubbles  form,  but  these  may  be  microscopic  in  size. 
The  only  way  for  the  hydrogen  to  escape  from  die  cable  is 
as  relatively  large  hubbies.  Although  die  twine-tar  layer 
allows  water  to  enter  the  cable,  it  does  not  readily  allow  the 
hydrogen  bubbles  to  coalesce  into  bubbles  which  arc 
sufficiently  large  to  escape  the  cable  unless  hydrogen 
generation  is  very  high.  Because  hydrogen  is  not  highly 
soluble  in  water,  it  remains  in  the  cable  until  the  outside 
pressure  is  overcome.  (See  Figure  2  for  a  sketch  of  //j 
entrapment  mechanisms.)  At  32  feet  of  water,  an  additional 
atmosphere  is  required  to  overcome  the  water  pressure. 
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Figure  2,  // j  Generation,  Bubble  Entrapment  and  //; 
Inner  Diffusion  Mechanisms 


2.2  Hydrogen  Diffusion  Into  Cable  Core 

Diffusion  is  a  partial  pressure  (concentration)  driven  effect. 
The  partial  pressure  of  hydrogen  in  die  optical  fiber  cable 
core  is  essentially  zero,  I.e.,  IQ'6  atmosphere  ambient,  and 
hydrogen  cannot  readily  diffuse  into  the  water  because  of  its 
tow  solubility.  As  a  result,  the  hydrogen  diffuses  into  the 
cable  core,  and  lienee  Into  the  fibers,  until  die  partial 
pressure  Inside  die  optical  liber  eablc  equilibrates  with  that 
in  the  outer  twine  layer.  The  magnitude  of  partial  pressure 
will  show  a  depth  dependence  because  the  concentration 
(mo!eeuies/cc  or  partial  pressure)  will  lie  greater  with 
increasing  depth  Hence,  added  loss  in  the  optical  fiber  will 
l>e  In  direct  proportion  to  the  depth  of  die  cable  in  the  water, 
(Measurements  reported  in  the  Anderson  paper1  support  the 
dependence  of  //‘-induced  loss  on  depth.) 

3,0  CORROSION  RESISTANT  SHEATH  TO 
PREVENT  llj-GENER  ATION 

An  improved  Corrosion-Resistant  Armor  structure  that 
eliminates  //‘-induced  loss  problems  due  to  corrosion  is 
shown  in  Figure  3.  The  core  cable  shown  is  a  Lightpaek® 
cable  with  Primary  KL  sheath  that  was  used  in  the  tests. 
(Table  1  lists  the  specifications  for  single  wire,  double  wire, 
and  triple  wire  oversheaths  for  small  fiber  count  core 
cables.) 


Figure  3.  AT&T  Double  Wire  Armored  Liglilguide 
Cable  with  Corrosion-Resislant  Armor 
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Concentrating  on  the  ovcrsheaih,  an  Important  design 
consideration  was  to  eliminate  the  problem  areas  while  nw 
changing  the  tnulitlonal  construction,  handling 
characteristics,  am!  manufacturing  processes.  Therefore,  tltc 
galvanized  armor  wires  were  replaced  by  a  highly 
corrosion-resistant  grade  of  stainless  steel  wire.  In  the 
improved  design,  these  attner  wires  arc  also  coated  with  a 
plastic  liter  to  present  liquid  water  front  reaching  these 
wires.  These  seemingly  redundant  protection  mechanisms 
arc  important  in  avoiding  hydrogen  generation  because  of 
metallic  corrosion  as  well  as  electrical  disturbances  which 
will  be  discussed  later. 


Table  I 


swoLEwme 

DOUBLE  WWE 

TWPIEWWE 

LQCaMiOO. 

ta  up  to  4«  sun' 

AT 

.4  r 

.4r 

Am:*  Wr* 

ss 

ss 

ss 

NuyOm  otA/mor  YWw 

Uytf  1 

11 

tt 

n 

L M  2 

. 

ti 

!• 

Ur«  a 

• 

• 

24 

UOLotAmw  |tM| 

10.000 

21.000 

44,000 

C«fcbT*ndbnto 

Product  033%  9lr(in  (fed 

5,(00 

14.300 

24.100 

find  Otdmfewod  fed 
MnondCdM* 

t.otr 

130T 

2.00T 

FinriWrigM  (fed/1000) 

•40 

14SO 

2500 

Wright  fc  Wafer  ffea.MOOO’) 

3*0 

<00 

1900 

Kihiwii  Bind  Dfemdfer 

w 

or 

AT 

§r§  tvtalibfe  toe  lb*f  oourta  fan  41. 


Figure  4.  Schematic  of  I.oss  Measurement  Setup  for 
Salt  Water  Tank  Tests 

The  plot  of  the  added  loss  at  12-JO  nm  for  an  underwater 
cable  (core  Is  Llghipaek  cable  with  Primary  RL  sheath)  with 
the  traditional  galvanized  steel  ovcrshcath  is  shown  in 
Figure  S.  litis  plot  shows  the  difference  in  added  loss 
between  12-10  nm  and  1310  nm  to  eliminate  any  minor 
fluctuations  in  the  test  setup.  Although  this  test  was 
terminated  after  120  days,  the  added  cable  loss  due  to 
hydrogen  is  apparently  approaching  the  1  atmosphere 
pressure  level  of  about  7  dl)/km.  On  tltc  other  hand,  the 
improved  Corrosion-Resistant  Armor  design  (with  the  same 
core  cable)  exhibits  no  added  loss  in  exactly  the  same  tank 
environment  after  almost  a  year. 


4.0  SALT  WATER  TANK  TESTS  TO  VERIFY  Hr 
GENERATION  MECHANISMS  AND 
PREVENTION 

A  number  of  liber  optic  cables  were  placed  in  500-gallon 
polyethylene  tanks  containing  ASTM-D-I141  artificial  sea 
water  to  verify  tltc  hydrogen  generating  mechanisms  and 
evaluate  the  hydrogen  prevention  methods  of  tltc  Corrosion- 
Resistant  Armor.  A  schematic  of  the  test  setup  is  shown  in 
Figure  4.  Approximately  250  feet  of  double  wire  armored 
cable  was  coiled  in  each  tank.  The  fibers  were  "loop-back" 
spliced  using  the  AT&T  Rotary  Mechanical  Spiicc  so  as  to 
provide  a  long  length  of  fiber  (-  1000  meters).  Tltc  fiber 
ends  were  then  spliced  to  master  fibers  that  were  brought 
into  the  laboratory  for  spectral  analysis.  Detailed  spectral 
loss  measurements  were  made  over  the  range  from  1200  nm 
to  1600  nm.  Particular  attention  was  made  to  the  hydrogen 
signature  wavelength  of  1240  nm.  If  any  gaseous  hydrogen 
is  present  in  the  cable,  its  effects  will  be  seen  here  first. 
(The  comparable  loss  magnitudes  at  1310  nm  ?ud  1550  nm 
will  be  much  lower— by  a  factor  on  the  order  of  30.) 
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Figure  5.  H2  Induced  Loss  (1240  nm)  in  SM  Fibers  Due 
(o  Armor  Layer  Corrosion  in  Sea  Water 
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To  confirm  the  theory  that  //;  generation  reported  in 
armored  underwater  cables  is  attributable  to  galvanized  wire 
corrosion,  an  annored  overshcath  (with  the  same  core  cable) 
was  manufactured  with  the  galvanized  wires  coated  with  an 
identical  plastic  coating.  The  tank  tests  using  this  design 
revealed  almost  as  low  added  loss  as  the  improved  design 
for  the  tank  conditions  corresponding  to  Figure  5.  This 
result  strongly  supports  the  conclusion  that  galvanized  steel 
corrosion  is  the  hydrogen  source  in  the  high  loss  cables 
reported  by  Anderson  ct  al*.  To  further  confirm  the 
hydrogen  entrapment  hypothesis,  the  entire  twine  wrap  as 
well  as  the  plastic  coating  was  removed  from  a  long  section 
of  the  galvanized  armor  wires.  This  “damaged*  condition 
permits  galvanized  steel  corrosion  to  occur  and  hydrogen  to 
be  generated  but  the  twine  wrap  is  not  there  to  trap  the 
bubbles.  With  the  cable  in  the  sail  water  tank  in  this 
condition,  no  measurable  loss  occurred  and  this  result 
supports  the  hydrogen  entrapment  hypothesis. 


5.0  A  CAVEAT  TO  ONLY  PROTECTING  AGAINST 
Hj-GENERATION  DUE  TO  CORROSION 

Hydrogen  can  be  generated  not  only  through  self-corrosion 
of  a  metal,  but  also  through  forced  corrosion  by  electrical 
disturbances.  An  electrical  disturbance  can  induce  currents 
on  a  cable  and  cause  that  cable  to  conode  by  making  the 
cable  anodic  or  cause  the  cable  to  generate  hydrogen  by 
making  the  cable  cathodic.  These  disturbances  can  take  the 
form  of: 

1.  Corrosion  mitigation  measures  such  as  cathodic 
protection  used  on  the  cable  itself  to  protect  it  from 
corrosion, 

2*  Electrical  interference  from  other  cathodic  protection 
systems  and, 

3.  Stray  currents  picked  up  from  power  ground  return 
arrangements. 

4.  Galvanic  cells  set  up  between  the  involved  metals, 

5.  Long  cells  in  which  the  anode  and  cathode  are 
separated  by  long  distances  and  which  occur  naturally 
in  the  environment, 

Electrical  disturbances  arc  commonplace.  In  accordance 
with  today’s  government  regulations,  any  potentially 
polluting  source  is  required  to  have  environmental 
protection.  An  underwater  pipeline,  cable,  mothballed  ship, 
bridge  support  or  pier,  or  fuel  storage  facility,  for  example, 
may  be  anodic  and  corrode.  In  order  to  prevent  corrosion  of 
the  above  structures,  the  corrosion  process  is  reversed  by 
applying  cathodic  protection  to  that  structure.  The  effected 
structure  is  made  cathodic  to  an  anode  or  string  of  anodes 
placed  nearby  in  the  water  or  ground.  This  is  accomplished 
by  using  consumable  anodes  which  have  a  significantly  more 
anodic  potential  than  the  affected  structure  or  by  using  a 
rectifier  and  nonconsumable  anodes  to  shift  the  potential  of 
the  affected  structure  to  a  more  cathodic  potential  than  the 
anodes.  Because  of  the  proximity  of  the  cable  in  question  to 
that  cathodically  protected  structure  or  because  of  electrical 


bonding,  i.c.  grounding,  of  the  cable  and  the  protected 
structure,  currents  can  be  induced  on  the  cable  causing  the 
cable  to  either  cecxtdc  or  produce  hydrogen.  Measures  to 
mitigate  the  cathodic  protection  interference  involve 
electrical  bonding  to  make  the  cable  cathodic  like  the 
interfering  structure  and  produce  hydrogen,  or  applying  an 
additional  cathodic  protection  system  to  the  cable  which 
would  make  the  cable  separately  cathodic,  but  also 
producing  hydrogen. 

An  electrical  disturbance  also  can  appear  as  electrical 
currents  picked  up  by  the  cable  which  can  be  a  lower 
resistance  path  for  an  electrical  (tower  substation  return. 
These  currents  ean  emanate  from  direct  current  traction 
systems,  from  substantial  welding  activity  in  shipyards,  and 
from  poorly  grounded  electrical  equipment.  The  lengths  of 
cable  involved  in  power  pickup  would  produce  the  hydrogen 
while  the  lengths  involved  in  power  loss  would  cxpcriciv  - 
corrosion.  Mitigation  measures  involve  cither  electrical 
bonding  at  the  power  loss  point  or  the  use  of  a  cathodic 
protection  system  on  the  cable,  causing  that  cable  to  be 
cathodic  and  produce  hydrogen. 

The  problem  of  electrical  disturbances  can  occur  in  both 
fresh  water  and  salt  water  and  is  quite  common.  For 
example,  when  a  cable  Is  routed  into  a  manhole,  exposed 
metals  must  be  grounded  to  the  grounding  system  in  the 
manhole.  Since  ilooded  manholes  arc  common  and 
commonly  corrosive  to  telephone  plant,  cathodic  protection 
of  telephone  plant  is  also  common.  ‘ITie  bonding  system  in 
manholes  means  that  the  cathodic  protection  of  one  cable 
will  cause  interference  (an  electrical  disturbance)  to  the  other 
structures  bonded  together  in  (lie  Hooded  manhole. 

Using  a  metal  of  low  clecu^chcmical  reactivity  is  not 
sufficient  in  itself  to  prevent  hydrogen  generation  where 
electrical  disturbances  arc  present.  Since  it  is  extremely 
difficult  to  prevent  electrical  pickup  on  the  anttor  wires, 
electrical  isolation  of  the  metal  from  the  environment  in 
interference  areas  is  also  necessary  to  prevent  the  metal  from 
corroding  and  generating  hydrogen.  The  use  of  insulation 
over  the  armor  wires  serves  to  prevent  the  discharge  of  the 
stray  currents  that  could  generate  the  deleterious  hydrogen 
molecules. 

6.0  POWERED,  SALT  WATER  TESTS  TO  CONFIRM 
CORROSION.RESIST v*  .VlgATII 
RESISTANCE  TO  C-  R'  ’ ’.  f.L 
DISTURBANCES 

To  investigate  the  effects  r  ilec  cal  disturbances  on  the 
new  enhanced  design  t*1  v..tcr  anttor  overshcath 
configurations,  cables  were  ptwera"  in  the  salt  water  tanks. 
More  specifically,  a  new  condition  was  added  wherein  an 
electrical  disturbance  was  created  on  the  wire  armor  by 
making  that  armor  cathodic. 

This  electrical  disturbance  was  created  by  polarizing  the 
wire  tumor  using  a  DC  power  supply.  The  cable’s  anttor 
was  connected  to  the  negative  side  of  the  power  supply  and 
a  stainless  steel  anode  rod  was  connected  to  the  positive  side 
(sec  Figure  6).  The  polarity  resulted  in  the  cable’s  armor 
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producing  hydrogen  and  the  anode  rod  corroding.  'Die  rale 
of  hydrogen  generation  (directly  related  to  impressed  current 
(low  in  the  circuit)  was  approximately  seven  times  the 
equivalent  corrosion  current  calculated  via  Faraday's  Law 
for  the  free  corrosion  of  zinc  in  sea  water.  A  galvanized 
steel  wire  armor  potential  of  approximately  -2.0  volts  (±  0.1 
volts)  vs.  a  Cu/CuSOa  halfccll  was  found  necessary  to 
produce  that  high  rate  of  hydrogen  generation  (current  ilow). 
'litis  artificially  high  disturbance  current  imposed  on  the  test 
cable's  armor  could  create  up  to  scren  times  the  unpowered 
rate  of  hydrogen  generation  of  undisturbed  cables  and  an 
anticipated  significant  incrca>«  in  the  growth  of  the  12-10  nm 
peak;  i.e.,  this  is  a  very  severe  test. 


CMU 

core- 


/~ ********  COMMCCTXO 

row** 

L  / - V  Wl\ 

nm Y 

fV\/C-,tKcrNCAl\  1 

M  BC  |«| 

P 

cahcto 

LA >0* AT  PAY 
ci'ict 
-CAW.C  COfC 

•  tfLAYto  armor  wrc* 

•  (TANKS*  StUl  AMOOC  *00 


AnnnciAL  sea  watch 


-  rcAinc  tain 


_ coa.  or  cake 


Figure  6.  Test  Setup  with  a  Power  Supply  to  Create  an 
F.lcctrical  Disturbance 


Hie  results  of  tank  tests  using  powered  wire  armor  arc 
plotted  in  Figure  7.  Note  first  that  the  fiber  optic  cable  with 
the  traditional  galvanized  steel  armor  wire  reaches  its 
saturation  loss  level  (-  7  dB/kin  added  loss  @  1240  nm)  in 
25  days,  litis  compares  to  a  loss  increase  rate 
approximately  four  tidies  as  rapid  as  the  unpowered 
gaivanizcd-stccl  armor  cable.  Also  observe  that  the  added 
loss  for  the  cable  with  plastic-coated  galvanized  steel  armor 
wire  increases  at  a  less  rapid  but  alarming  rate  when  the 
armor  wires  arc  lowered. 
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Figure  7.  // 2  Induced  Loss  (1240  11111)  with  Powered 
Armor  Wire  (SM  Fibers)  in  Sea  Water 


Hie  two  lower  curves  in  Figure  7  represent  powered  fiber 
optic  cables  with  the  new  Corrosion-Resistant  Armor 
overshcath  (i.e.,  stainless  Steel  armor  wires  with  plastic 
coatings).  Tlte  curve  with  the  slight  rise  in  added  loss  after 
100  days  (to  a  level  almost  discernible  at  1310  nm  and  1550 
nm)  that  then  falls  to  Insignificant  added  toss  has  a 
Llghtpack  cable  with  RL  sheath  as  the  core  like  all  samples 
discussed  to  tills  point.  Hie  lowest  curve  which  exhibits  no 
added  los-  for  over  a  year  has  the  same  new  Corrosion- 
Resistant  Armor  but  has  an  all  dielectric  Ligluguidc  cable  as 
the  core.  The  authors  believe  that  the  type  of  core  cable  is 
coincidental  and  the  only  reason  that  the  Corrosion-Resistant 
Armor  test  cable  with  RL  sheath  core  has  a  very  slight 
added  loss  is  because  an  excessive  number  of  pinholes  were 
created  in  the  plastic  layer  of  the  stainless  steel  armor  wires 
during  production.  The  large  //^-induced  loss  in  the 
powered,  coated  galvanized  wire  test  cable  (discussed  in  the 
paragraph  above)  also  resulted  because  of  pinholes  in  the 
plastic  coating.  Ground  fault  screening  tests  confumed  the 
pinhole  conditions  and  checks  of  the  powering  current 
Indicate  three  orders  of  magnitude  greater  current  Ilow  in  the 
armor  wires  of  the  cable  with  the  RL  sheath  core  (vs  die 
cable  with  the  all  dielectric  cable  core). 

The  tests  using  excessively  powered  armor  wires  reveal  that 
the  new  Corrosion-Resistant  Armor  design  prevents  serious 
hydrogen  generation  from  both  armor  wire  corrosion  as  well 
ns  electrical  disturbances.  On  the  oilier  hand,  an  underwater 
overshcath  using  iraditional  bare  galvanized  steel  armor 
wires  encounters  rapid  loss  increases  even  in  the  absence  of 
electrical  disturbances.  Furthermore,  the  added  loss 
increases  much  more  dramatically  when  the  armor  wires  arc 
powered  and  increases  at  r,  fast  rate  even  when  the 
galvanized  wires  arc  plastic  coated.  Recall  that  these 
powered  tests  represent  very  severe  conditions  with  a  large 
safely  factor  over  conditions  expected  in  actual  installations. 

7.0  IMPLICATIONS  OF  THE  TEST  RESULTS 

The  tank  test  results  vividly  demonstrate  that  oversheaths 
using  galvanized  steel  armor  wires  can  encounter  large 
hydrogen-induced  fiber  attenuation  in  a  short  time  even  in 
benign  underwater  environments.  Hie  experimental  results 
also  demonstrate  that  because  the  Corrosion-Resistant  Armor 
design  utilizes  insulated  annor  wires  made  of  a  material 
with  low  or  electrochemical  reactivity  the  hydrogen- 
generated  loss  levels  are  inconsequential  even  in  the  harsh 
salt  water  environments  with  severe  electrical  disiurbanccs. 
The  electrochemical  reactivity  of  the  srainlcss  steel  annor 
wires  appears  to  be  sufficiently  low  that  relatively  large 
pinholes  can  be  tolerated  without  serious  hydrogen  problems 
even  with  severely  overdriven  power  conditions.  In  con’.rast, 
the  galvanized  steel  armor  wires  encounter  severe  hydrogen 
degradation  under  the  same  conditions  despite  having  plastic 
coatings. 
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8.0  CONCLUSIONS 

A  detailed  hypothesis  for  the  hydrogen  generation 
mechanisms  in  traditional  wire-armored  underwater  cable 
was  presented  and  supported  by  test  data.  The  salt  water 
tank  tests  clearly  demonstrated  that  the  galvanized  armor 
wires  were  the  hydrogen  generation  culprits.  Since  rapid 
increase  in  fiber  loss  occurred  in  salt  water  tests  with  no 
electrical  disturbances,  the  self-corrosion  of  bare  galvanized 
armor  wire  dominates  (in  previously  installed  wire-armored 
traditional  cables)  and  thus  suggests  a  large  spectrum  of 
potential  underwater  problem  areas.  Tor  high  reliability  and 
minimum  long  term  cost  (repair  of  underwater  cable  is 
expensive),  the  authors  recommend  that  all  future  armored 
cable  water  crossings  using  optical  fiber  cables  employ  //;• 
resistant  overshcath  armor  and/or  hermetic  fibers. 

A  new  Corrosion  Resistant  Armor  has  been  designed  to 
prevent  detrimental  hydrogen-induced  loss  in  underwater 
fiber  optic  cable.  (Table  II  lists  some  of  the  key  features  of 
this  wire-armor  overshcath  design.)  Extensive  tank  testing 
has  confirmed  the  ability  of  the  new  overshcath  to 
dramatically  reduce  the  1240  nm  //^induced  added  loss  that 
occurs  in  traditional  armored  underwater  cable  that  use 
galvanized  steel  armor  wire.  With  the  new  Corrosion- 
Resistant  Armor,  transmission  properties  at  the  1310  nm  and 
1550  nm  windows  remain  essentially  unchanged  even  during 
severe  testing. 


Table  II 

•  N«w  Underwater  Armor  Ovarshaalh 

•  Ptaatic  Coated,  SuWas*  Steat  Armor  Wirta 

•  H.-lnduc*d  ABanuation  Eliminated  (Loog-Tarm  Twt*  Conducted 
In  Sm  Water) 

•  SUWaai  Steal  Armor  Provktet  Maximum  Long-Ttrm  Mtchanlcal 
und  Corroalon  Protection 

•  Protect!  Again**  Galvanic  and  Etectrofytc  Corroalon 

•  Armor  DaeJgnProvkteaExcattertTanaiteStraogth 

•  Tough  UndarwaterOvarahaathwttiExcaltent  Abrasion  Fteslttanca 

•  Provan  Excaptional  Handling  Characteristics 
a  Good  Underwater  Weight  Propartias 
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J.  ABSTRACT 

First  generation  undersea  optical  fibre  cables  are 
operating  at  1.3/nn  with  repeater  spacings  of 
approximately  50km.  Second  generation  systems  utilise 
the  lower  loss  window  at  1,55pm  where  the  repeater 
spacing  can  be  greater  than  100km.  Consequently 
fewer  repeaters  are  needed  and  therefore  the  cost  of 
the  cable  becomes  a  greater  proportion  of  the  total 
system  cost.  As  a  number  of  fibre  submarine  systems 
have  been  successfully  installed  it  is  appropriate  to 
examine  whether  fibres  could  be  used  more  effectively 
in  future  submarine  cable  designs. 

S.  INTRODUCTION 

Deep  water  cables  have  been  designed  to  withstand  a 
continuous  strain  of  typically  0.35%  with  a  maximum 
strain  up  to  typically  0.87%  (l).  New  fibre  claddings 
and  coatings  are  being  developed  with  the  aim  of 
reducing  the  sensitivity  of  the  fibre  to  hydrogen  or  to 
improve  its  static  and  dynamic  fatigue  performance. 
For  example,  N  values  greater  than  150  are  being 
measured  for  hermetic  fibres.  Improvements  in  quality 
control  have  also  led  to  fibre  proof  strains  of  2%  being 
commercially  available. 

N.  this  paper  we  show  that,  given  realistic  assumptions 
concerning  the  maximum  stress  levels  during  sendee, 
carbon  coated  hermetic  fibres  or  surface  modified  high 
strength  fibres  are  not  necessary  where  maximum  cable 
strains  are  of  the  order  of  1.0%  or  less.  It  h  suggested 
that  the  reduction  in  hydrogen  permeation  claimed  for 
hermetically  coated  fibres  is  likely  to  be  more 
important  in  reducing  cable  costs  than  an  increased 
resistance  to  static  fatigue.  It  is  also  suggested  that  the 
fibre  crack  distribution  becomes  significantly  more 
important  as  the  mean  strength  of  the  fibre  is  increased. 

The  use  of  strong,  lightweight  materials  for  future 
submarine  cables  is  also  examined  with  an  emphasis  on 


fibre  reliability  requirements  and  possible  cable  cost 
reductions. 

3.  CARLS  COSTS 

The  costs  of  a  submarine  system  attributable  to  the 
cable  and  marine  installation  is  dependant  upon  system 
length.  The  costa  are  highest  for  a  short  haul  shallow 
lay  eystem  which  requires  protection  from  ship  damage 
by  the  use  of  armouring  or  cable  burial  *  techniques. 
Typically  the  cable  costs  will  account  for  45%  and  the 
marine  installation  for  25%  of  the  total  system  costs. 
Longer  haul  systems  are  laid  predominantly  in  the 
deep-sea  using  arinourlcss  cable;  ship  protection  is  only 
required  for  a  relatively  short  distance  at  the  shore 
ends.  Consequently  cable  and  marine  installation  costs 
are  reduced,  see  Table  1  for  a  typical  transoceanic 
system.  However  they  still  account  for  £0%  of  the  total 
system  cost. 

TAME  1.  SYSTEM  COST  BREAKDOWN 


Cost  % 

Cable 

42.4 

Repeaters 

27.9 

Installation 

8 

Terminal 

7.7 

Others 

14.1 

4.  CURRENT  CARLE  DESIGNS 

Cables  for  deep-sea  use  are  generally  lightweight 
employing  no  external  armouring  and  the  fibres  within 
the  cables  may  be  tight  jacketed  or  allowed  to  move 
within  a  groove. 

A  typical  tight  jacketed  structure,  Fig  4.1,  [2j  consists 
of  an  optical  unit  surrounded  by  helically  laid  steel 
wire  strand  strength  members,  a  copper  tube  and  an 
ouicr  sheath  of  low  density  polyethylene.  The  optical 
unit  is  a  nylon  tube  which  contains  a  number  of  fibres 
laid  around  a  kingwirc  and  embedded  in  an  elastomer. 


696  International  Wire  &  Cable  Symposium  Proceedings  1989 


<!«•*»  T10I  IT  JACKETED  DESIGN.  RtU 


In  this  tyjve  of  design  the  fibre  strain  is  essentially  the 
same  as  the  cable  strain.  Another  approach,  Fig  4.2,  {3] 
may  be  to  have  the  steel  wires  outside  the  copj>er  tube 
and  a  number  of  secondary  coated  fibres  laid  helically 
around  the  king  wire.  The  'V-groovc'  type  cable,  Fig 
4.3,  (4)  has  a  similar  construction  except  that  the 
optical  unit  comprises  a  grooved  plastic  rod  with  a  steel 
king  wire  through  its  centre,  the  fibre  being  inserted  in 
the  helical  grooves.  After  insertion  of  the  fibres  a  tape 
is  usually  wrapped  around  the  rod  and  a  polymer 
sheath  is  extruded  over  the  tapes.  The  length  of  fibre 
within  each  groove  is  such  that  as  the  cable  is  strained 
the  fibre  moves  from  the  top  to  the  bottom  of  each 
groove  before  experiencing  any  strain.  The  movement 
of  the  fibre  is  reversed  when  the  load  is  removed.  Tills 
allows  the  cable  to  be  strained  by  up  to  about  0.9% 
before  the  fibre  is  strained. 

In  both  types  of  cable  the  tensile  strength 
characteristics  arc  governed  by  the  grade,  the  size  and 
the  lay  of  the  steel  wire.  The  copper  tube  is  used  to 
reduce  hydrogen  permeation  into  the  optica]  unit  and 
to  act  as  a  (rower  feed  conductor  for  the  high  voltage 
supply  to  each  repeater. 

The  fibres  have  to  withstand  the  strains  involved  in 
cable  laying  and  recovery  as  well  as  any  residual  strain 
the  fibre  may  experience  while  on  the  sea  bed.  As  the 
'V  groove'  type  cable  structure  has  a  significant  strain 
relief  which  minimises  the  problem  of  fibre  survival, 
this  paper  will  only  deal  with  fibre  survival  in  tight 
jacketed  structures.  The  largest  cable  nnd  hence  fibre 
strains  occur  during  laying  and  recovery.  Typical 
strains  for  a  transatlantic  cable  arc  given  in  Table  2  Jfij. 

5.  ASSESSMENT  OF  FIORE  LIFETIMES 

Fibre  reliability  during  the  cable  life  is  estimated  using 
models  describing  the  crack  growth  in  the  silica  during 
service.  All  the  models  or  theories  are  based  on  the 
same  crack  velocity  function  but  thereafter  differ  in  the 
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TABLE  3.  EXPECTED  SERVICE  CONDITIONS 
FOR  FIBRE 


Operation 

Strain  % 

Time 

Installation 

0.44 

C  hours 

Cable  as  installed 

O.Oi 

25  years 

Recovery,  Lift 

0.87 

5  hours 

Hold 

0.54 

48  hours 

Relay 

0.44 

6  hours 

Cable  after  recovery 
and  relaying 

0.24 

25  years 

assumptions  used.  A  commonly  used  estimation  of  the 
minimum  fibre  life  is: 


t 


5.1 


Where  ar  is  the  proof  stress,  o„  is  the  maximum 
dynamic  stress  generated  by  a  constant  stress  rate,  N  is 
the  stress  corrosion  susceptibility  constant  and  B  is  a 
constant  describing  the  material  and  environment. 
Alternatively,  if  crw  is  taken  as  the  static  stress  then  the 
factor  N  +  l  must  be  omitted.  A  variation  [l]  which 
takes  into  account  the  strain  history  of  the  fibre  during 
service  and  estimates  the  value  of  the  proof  stress 
needed  for  the  fibre  to  survive  is: 
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5.2 


U 

Where:  e"  a  £  A  MEN 

1  0 


und  M  »(N-2)/2 

K10  l*  the  stress  intensity  factor  at  failure,  a  is  the 
crack  depth,  Y  is  a  constant  depending  on  the 
geometry  of  the  crack,  A  is  a  constant  in  the  crack 
velocity  equation,  E  is  the  Youngs  Modulus  and  t(<)  is 


the  time  dependent  strain.  The  derivation  of  5.1  does 
not  take  into  account  Miy  crack  distribution  in  the 
fibre.  One  example  [C]  of  a  fibre  lifetime  theory  which 
takes  into  account  the  crack  distribution,  the  mean 
fibre  strength  Mid  the  effects  of  the  proof  test  on  tiie 
fibre  is: 


c«(N+l)d 


where 


F  is  the  failure  probability,  d  is  tiie  stress  rate,  a,  the 
Wcibull  mean  failure  stress,  and  m  the  crack 
distribution  parameter.  Variations  in  tiie  fibre  stress 
history  can  be  taken  into  account  by  normalising  all  tiie 
expected  static  sendee  stresses  e,-  Mid  maximum 
dynmnic  stresses  a,  (assuming  a  constant  stress  rate)  to 
a  given  static  stress  and  calculating  the  time 
spent  at  the  normalised  stress. 


TJius  if  <  t  when  c7„  =  tiie  fibre  can  be 
expected  to  sun'ivc  with  a  probability  greater  than  that 
used  to  calculate  the  expected  failure  time  (. 
Calculation  or  the  failure  time  using  equation  5.1  or  5.3 
requires  knowledge  of  tiie  stress  corrosion  constants  N 
and  D.  Various  values  have  been  published  recently 
and  are  listed  in  Table  3. 


Given  the  service  conditions  suggested  in  Table  2  and 
normalising  the  strains  to  0.8755,  using  an  N  value  of 
20,  it  is  obvious  that  tiie  recovery  lift  is  the  most 


TABLE  3.  RANGE  OP  VALUES  FOR  N  and  1) 


critical  service  condition.  If  the  fibre  survives  the 
recovery  lift  then  it  is  expected  to  survive  the  other 
service  conditions. 


The  fibre  lifetimes  have  been  calculated  for  different 
values  of  stress,  Fig  5.1,  using  equations  5.1  and  '.3  for 
the  values  of  the  constants  given  in  Table  -I.  Variations 
in  N  and  B  with  time  have  not  been  considered  in  this 
pajicr,  (equation  5.4  can  be  modified  to  take  into 
account  changes  in  N),  as  current  deep  sea  cable  design 
practice  assumes  N  and  B  to  be  constant  with  time. 
There  is,  at  present,  some  evidence  to  suggest  that  even 
at  3 '  C  there  is  a  transition  in  the  value  of  N  and  hence 
B  with  time  [7|.  Further  work  is  still  required  to  define 
more  clearly  the  onset  of  any  transition  Mid  the  likely 
values  of  N  and  B  after  the  transition  before  any 
changes  in  N  and  B  can  sensibly  be  taken  into  account 
in  deep  sea  water  cables. 

Fig  5.1  shows  that  the  fibre  will  survive  the  expected 
service  conditions  (see  Table  2)  using  cither  equation 
5.1  or  5.3.  The  estimated  failure  time  for  the  fibre  at  a 
maximum  dynmnic  strain  of  0.8755  for  equation  5.1  is 
approximately  10  hours  while  for  a  continuous  strain  of 
0.8755  equation  5.3  estimates  the  fibre  life  to  be 
approximately  1  year. 
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6.  RELATIVE  MERITS  OF  THEORIES 


The  failure  lime  at  the  Wcibull  mean  failure  probability 
(G3.2SJ6)  using  a  crack  distribution  described  by  the 


TABLE  4.  CONTANTS  USED  TO  DETERMINE 
FIBRE  LIFETIMES 


EQUATION  5.1 

EQUATION  5.3 

N 

20 

20 

B  Pa3*  cc 

2X10 14 

2x10 14 

f,  % 

2 

2 

% 

0.87 

0.87 

<.  % 

3.5 

i  %/scc 

0.4 

m 

4 

F 

0.05 

E  Glfa 

72 

72 

Wcibull  slope  rn  can  be  shown  to  be: 

t  B  i  .^r  °{N+i) 


G.1 


Ailhougli  equation  G.l  is  less  complicated  than 
equation  5.3,  for  obvious  reasons,  it  is  instructive  to 
compare  it  to  equation  C.l  which  describes  the  time  to 
failure  neglecting  any  crack  distribution.  The  two 
equations  have  the  same  form  but  in  equation  5.1  the 
proof  stress  replaces  the  mean  strength.  It  follows 
therefore  that  if  a,  >  ar  equation  5.1  will  predict  a 
shorter  lifetime  than  equation  G.l. 


Figure  G.l  shows  an  idealised  set  of  results  from  a 
dynamic  fatigue  test.  The  majority  of  the  failures  of 
plot  A  occur  at  about  a  strain  of  5.5?6  with  a  small 
number  of  failures  below  this  giving  rise  to  a  broader 
crack  distribution  described  by  an  m  value  of  about  4. 
Line  B  is  a  hypothetical  set  of  results  described  by 
equation  5.1  with  a  mean  strength  equal  to  the  proof 
strain.  The  vertical  line  C  is  the  proof  test  value 
cutting  both  the  low  strength  tail  of  plot  A  and  line  B. 
Line  B  can  therefore  be  seen  as  the  low  strength  tail  of 
plot  A  which  has  been  shifted  to  the  left  to  give  a  mean 
strength  equal  to  the  proof  strain.  This  shift  to  the  left 
can  lie  related  to  an  increase  in  fibre  Icn^.li  by: 


6.2 

It  can  be  argued  therefore  that  equation  5.1  is  simply  a 
special  case  of  the  crack  distribution  theory. 


«*M  CUMULATIVE  PR0IA1ILI7Y  OF 
FAILURE  TIME 


failure  Strain 


The  mean  failure  strain  for  the  low  strength  tail  of  plot 
A  is  approximately  11%,  the  test  length  being  lkm. 
Using  equation  G.2  the  fibre  length  for  a  mean  failure 
strain  of  2%  is  900km.  The  cable  tension  during 
recovery  lift  depends  to  a  certain  extent  on  the  ship's 
speed.  Recovery  from  a  depth  of  5.5kin  may  induce 
significant  strain  for  approximately  8km  either  side  of 
the  recovery  point.  This  suggests  that,  assuming  a  six 
fibre  cable,  approximately  OGkm  of  fibre  may  be  under 
a  significant  strain.  Using  equation  G.2  the  mean 
failure  strain,  (ic.  the  strain  at  which  the  probability  of 
failure  is  G3.2%),  for  a  9Gkm  length  of  fibre  is  about 
3-5%.  The  use  of  a  mean  failure  strain  of  2%  would 
therefore  seem  to  be  unduly  pessimistic. 

The  effect  of  different  crack  distributions,  as  described 
by  the  parameter  m,  and  mean  strengths  on  the  fibre 
life  is  shown  in  Fig  6.2.  It  can  be  seen  that  as  the  mean 
strength  is  increased  the  crack  distribution  becomes 
more  important  as  it  has  a  greater  effect  on  the  fibre 
life. 

Equation  5.1  and  the  theory  which  considers  the  crack 
distribution,  the  probability  of  failure  and  the  effects  of 
the  proof  stress  suggest  that  the  fibre  will  survive  the 
recovery  lift,  given  the  constants  in  Table  4.  The 
weakness  of  equation  5.1,  it  may  be  argued,  is  that  it 
takes  no  account  of  the  crack  distribution  and  that  it 
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uses  too  low  a  value  of  the  ’mean  fibre  strength'  thus 
neglecting  any  improvement  in  quality  control  during 
the  fibre  and  cable  manufacture.  The  use  of  fibre  life 
models  which  arc  too  pessimistic  may  also  inhibit  cable 
design  and  encourage  work  in  areas  which  may  not  be 
required. 


Heibull  par am«ter tM) 


Other  fibre  life  theories  have  been  published,  for 
example  reference  [8],  which  take  into  account  the 
crack  distribution,  the  mean  fibre  strength  and  the 
effects  of  proof  testing.  Work  is  still  required  to 
determine  which  of  the  probabilistic  theories  is  tiie 
most  accurate. 


7.  LIMITS  TO  PRESENT  CABLE!  STRAIN 

Present  cable  strains  arc  limited  by  the  estimated  fibre 
lifetimes  calculated  using  equations  5.1  k  5.2.  If 
estimations  of  fibre  life,  on  the  other  hand,  were  to 
take  into  account  the  crack  distribution  and  use  a 
realistic  value  of  tire  mean  strength  the  present  cables 
rather  than  being  fibre  strain  limited  may  well  be  cable 
strain  limited,  sec  Fig  5.1.  The  drive  to  reduce  cable 
costs  will  tend  to  generate  cable  designs  that  utilise 
more  fully  the  strength  characteristics  of  the  fibre,  or  a 
more  realistic  or  more  generous  interpretation  of  them. 

8.  FUTURE  CABLE  DESIGNS 

The  main  requirement  of  future  cable  design  is  to 
minimise  the  total  cost  to  the  owner  operator  over  the 
life  of  the  system.  This  includes  the  manufactured 
purchase  cost,  the  installation  cost  and  the  unknown 
liability  for  consequential  service  recovery  and  repair. 
For  a  short  unrepeated  system  the  cable  cost  and 
marine  installation  cost  could  be  60%  and  15%  of  the 
system  cost  respectivly.  Neglecting  inflation, 
maintenance  could  cost  a  further  2%  per  repair. 


Clearly  there  needs  to  be  a  balance  between  high  initial 
capital  cost  of  say  a  maximum  rnelJ  design  with  good 
reliability  and  the  savings  made  on  a  minimum  metal 
design  but  at  the  expense  of  towered  reliability  and 
higher  future  maintenance  costs. 

Present  deep  water  cabtes  have  an  operational  cable 
safety  factor  approaching  2.  It  may  therefore  be 
possible  to  reduce  the  safety  factor  while  still 
maintaining  the  required  fibre  reliability.  Operational 

experience  with  the  first  dozen  or  so  optical  cables  may 
also  indicate  undue  pessimism  with  the  new  optical 
technology.  Hindsight  may  indicate  that  in  order  to 
generate  success  and  acceptance  of  this  new  technology 
the  design  was  unduly  cautious.  Not  only  can  a 
realistic  cable  design  be  tailored  to  each  application, 
but  also  the  reliability  performance  enhanced  due  to  a 
fibre  reassessment. 

Typical  constructions  contain  a  significant  amount  of 
copper  to  supply  electrical  power  to  all  the  repeaters 
and  to  reduce  hydrogen  permeation  to  the  optical  unit. 
Use  of  hermetic  fibres  would  eliminate  the  need  for  the 
copper  as  a  hydrogen  barrier.  Aluminium'  could  be 
used  instead  for  power  transmission  to  repeaters.  The 
cable  self  modulus  (ratio  of  strength  to  wet  weight) 
would  be  improved  as  the  wet  weight  is  reduced.  This 
would  allow  the  steel  content  of  the  cable  to  be 
reduced.  Any  reduction  in  cable  diameter  would 
reduce  the  hydrodynamic  drag  load  and  any  seabed 
pcclout  load  during  the  lift  stage  of  a  cable  recovery, 
both  aspects  tending  to  reduce  the  maximum  tension. 

8.1  Maximum  Mttal  Cable 

Figures  8.1,  8.2  k  8.3  indicate  a  typical  deep  water 
cable,  its  load  elongation  curve  and  peak  cable  strain 
during  recovery.  The  example  design  gives  a  200kN 
strength,  self  modulus  of  20+km  and  a  power  feed  DC 
resistance  of  about  lfl/km,  allowing  a  recovery  speed 
of  about  1.5  knots  at  less  than  1%  fibre  strain  for  the 
conditions  given  at  a  tension  of  about  80%  UTS. 

flg  S.1  MAXIMUM  METAL  CAnLE 
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Outer  wire  layer 
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t.t  Minimum  Mttol  Cable 

Figure*  8.2  Iz  8.3  also  show  the  characteristics  of  a 
cable  Fig  8.4  with  half  the  strength  of  the  maximum 
metal  design.  This  can  b«  done  with  a  single  wire  lay 
construction  and  thereby  the  possibility  of  contrary 
strand  wires  and  torsional  balance  lost.  However,  for  a 
strength  of  say  lOOkN,  the  self  modulus  is  still  20+km 
and  the  power  feed  DC  resistance  still  about  Ifi/krn, 


fij.t:  LOAD  1 ELONGATION  CHAR  ACTERISTICS 


fig  U  CABLE  STRAIN  DURLS'G  WORST  TRANSATLANTIC 
RECOVERY 
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allowing  a  recovery  speed  of  just  over  1  knot  at  less 
than  1%  fibre  strain  for  the  same  marine  conditions  at 
about  80%  UTS.  For  bad  weather  conditions  in 
deepwater  the  dynamic  loads  can  be  high,  and  the 
margin  between  UTS  and  actual  tension  seen  at  the 
bow  could  be  less  than  desired.  Thus  the  cable  could 
be  viewed  as  on  the  limit  of  marine  handling  ability, 
but  at  a  possible  cost  of  about  G0%  of  that  of  the 
maximum  metal  case  above. 

8.3  Plastic  Cable  Design 

The  above  metal  construction  comprises  the  steel 
content  for  strength  and  the  copper  content  for  radial 
pressure  resistance,  resistance  to  hydrogen,  and 
electrical  power  feed.  For  an  unrepeatered  system  or 
one  with  only  a  couple  of  repeaters  a  plastic  cable  can 
be  constructed  with  a  pair  of  wires  for  power  feed  and 
elcctroding  detection  purposes.  For  example,  1mm 
diameter  copper  gives  a  resistance  of  about  lOD/km.  A 
500km,  two  repeater  system  would  thus  require  a 
system  voltage  of  2.7kV.  It  may  be  preferable  to  place 
the  fibre  package  within  a  copper  tube  and  abandon 
load  wires  to  simplify  manufacture,  Fig  8.5. 

Pultrusion  techniques  could  be  used  to  form  a  final 
cable  product  tube  where  fibre  and  a  filling  compound 
arc  inserted  during  the  pultrusion  operation. 
Alternatively  Kevlar  impregnated  resin  yarns  or  ultra 
high  modulus  yarns  or  a  combination  may  be  suitable. 
The  typical  Youngs  Moduli  of  Kevlar  29  and  49  yarns 
are  29GPa  and  49GPa,  at  many  times  the  price  of  Ultra 
High  Modulus  Polyethylene  (UIIMP)  at  say  39GPa,  Fig 
8.5  gives  a  possible  tubular  UHMP  pultrusion  of  say 
19GPa.  Assuming  inner  and  outer  radii  of  5mrn  and 
25mm,  the  471  mm  area  at  a  maximum  working  strain 
of  0.87%  would  give  a  working  cable  strength  of  78kN. 
Using  the  allowable  fibre  fatigue  model  with  a  working 
fibre  strain  of  1.2%  the  working  cable  strength  could 
easily  be  107kN,  Fig  8.G.  Assuming  positive  weighting 
by  means  of  a  thin  mineral  impact  protective  sheathing 
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the  wet  weight  could  be  0.1  tonnes/km  or  0.2 
tonnes/km  giving  &  more  titan  adequate  wet  cable  self 
modulus.  Recover)'  load  would  then  be  predominantly 

lig.8.6  LOAD  /  ELONGATION  Cl  lARACrtiRISTlCS 


due  to  hydrodynamic  drag  resistance  with  a  trivial  wet 
weight,  compared  with  a  metallic  cable  where  the  steel 
content  creates  the  majority  of  the  recover)*  tension, 
Fig  8.7.  The  coat  of  such  a  cable  would  be 
approximately  20?S  of  the  maximum  metal  ease. 

Iig.8.7  CAlltJ;  STRAIN  DURING  WORST 
TRANSATI -ANTIC  RECOVERY 


8.J  Fibre  Strength  Aspects 

The  above  indicates  that  the  maximum  and  minimum 
metal  cable*  are  basically  cable  strain  limited  if 
equation  5.3  is  used  to  estimate  the  fibre  lifetimes.  For 
the  plastic  design  it  is  clear  that  the  recovery  strain  is 
significantly  less  than  cither  of  the  two  metal  cables 
thus  short  term  creep  during  recovew  is  unlikely  to  be 
a  problem.  A  rough  estimate  of  the  maximum  allowable 
creep  can  be  made  as  follows.  Equation  C.2  is  used  to 
estimate  the  mean  failure  strain  (r#)  for  25000km  of 
fibre,  say  r,  a  0.S75JS.  A  linear  creep  rate  of  say 
•1.7x10  -‘SS/hr  is  assumed.  A  failure  probability  F  of 
10  ”4  is  also  assumed  giving  approximately  2  failures 
over  25  years  for  an  6  fibre  -1000km  cable.  The  static 
failure  strain  for  a  25  year  lifetime,  given  the  above 
probability  of  failure,  calculated  using  equation  5.3  is 
approximately  1.2?6.  The  maximum  dynamic  strain  due 
to  linear  creep  that  the  fibre  can  withstand  over  the  25 
years  is  estimated,  using  equation  5.1  to  be  l.*lS5. 

It  is  dear  though  that  using  the  probabilistic  fibre 
survival  analysis  fibres  with  N  values  between  20  and 
30  are  likely  to  survive.  This  suggests  that  fibres  with 
hermetic  coatings  will  be  useful  owing  to  their  reduced 
sensitivity  to  hydrogen  rather  than  to  their  higher  N 
values. 

0.  CONCLUSIONS 

A  number  of  factors  affecting  the  fibre  reliability  in 
present  and  possible  future  deep  sea  cable  designs  have 
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been  examined. 

•The  current  practice  of  neglecting  the  fibre  crack 
distribution  and  mean  failure  strain  in  fibre  reliability 
analysis  for  deep  sea  cable  design  does  nol  take  Into 
account  the  many  improvements  In  fibre  coating 
technology  and  In  the  fibre  and  cable  manufacture 
thus  significantly  under-utilising  the  mechanical 
strength  properties  of  the  fibre. 

•  A  number  of  probabilistic  fibre  reliability  models 
have  been  published  which  include  the  fibre  crack 
distribution  and  the  mean  fibre  strength.  Some  work 
remains  to  be  done  to  determine  which  model  gives 
the  most  accurate  fibre  life  extrapolation. 

•  It  is  argued  that  (5.1)  is  a  special  case  of  the  more 
detailed  probabilistic  model  in  which  the  proof  strain 
is  assumed  to  be  equal  to  the  mean  failure  strain  of 
the  fibre.  The  estimates  of  fibre  reliability  therefore 
tend  to  be  unduly  pessimistic. 

•If  the  fibre  crack  distribution  and  mean  failure  strain 
are  taken  into  account  the  present  tight  jacketed  cable 
designs  would  tend  to  be  cable  strain  limited  rather 
than  fibre  strain  limited. 

•The  minimum  metal  cable  design  would  cost 
approximately  00%  of  the  maximum  metal  cable 
design.  Calculations  suggest  that  the  minimum  metal 
type  designs  would  also  be  cable  strain  limited. 

•  Initial  calculations  suggest  that  the  cost  of  a  'polymer' 
cable  would  be  approximately  20%  of  the  cost  of  the 
maximum  metal  cable.  Short  term  creep  is  not  thought 
to  be  a  problem  as  recovery  atrains  would  be  small. 

•  Present  evidence  indicates  that  the  N  values  of 
current  fibres  (20  to  30)  would  be  adequate  for  future 
low  cost  cable  designs.  Hermetic  fibres  would  be  used 
for  their  reduced  sensitivity  to  hydrogen  rather  than 
any  increased  resistance  to  stress  corrosion. 
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Abstract 

The  strive  for  low  transmission  losses  in  communication 
systems  based  on  optical  fibers  has  lead  to  fibers  which  are 
quite  insensitive  to  bending  losses  caused  by  mechanisms  as 
radiation  loss  and  transition  loss.  Thus,  bending  of  the  fiber 
down  to  smalt  diameters  will  not  have  a  disastrous  Influence  on 
the  transmission  of  light.  However,  the  lack  of  readily 
observable  losses  also  implies  that  local  deformation  of  the  fiber 
sometimes  will  pass  the  OTDR  check  of  the  installed  cable.  This 
fact  might  unply  a  danger  to  the  system,  since  the  long-time 
durability  relies  upon  the  filter  strength,  which  will  be  degraded 
by  permanent  stress  on  fiber  betuls.  This  paper  may  sen?  as  a 
guidance  to  the  determination  of  the  risk  for  long-tune  failure  in 
strongly  deformed  parts  of  a  cable,  where  the  attenuation  cause d 
by  fiber  betuls  is  on  the  limit  of  what  can  be  detected  by  OTDR 
(optical  lime  domain  reflectometer)  measurements. 

Introduction 

The  design  and  iwrformance  of  transmission  system  based 
on  optical  fibers  arc  strongly  dependent  on  the  magnitude  of 
transmission  losses,  and  also  the  long  lime  strength  of  die  fiber. 
Today,  the  attenuation  caused  by  intrinsic  absorption  has 
come  close  to  die  dicorctical  limits,  about  03  dB/km  at  1300  nm 
and  0.17  dB/km  at  1SS0  nm  wavelength  in  a, silica  based  optical 
fiber.  The  minimum  strength  of  optical  filter  is  ensured  by  the 
screen  test,  die  strain  of  which  is  steadily  increasing.  A  sccrccn 
test  strain  between  0.7%  and  1 .0%  is  readily  applied  widiout 
excessive  losses  of  die  yield  at  fiber  drawing.  The  knowledge  of 
making  good  fiber  is  dicrcby  well  established. 

However,  another  important  cause  of  transmission  losses  is 
due  to  bend  losses.  Large  losses  are  unwanted,  of  course,  but 
die  tend  loss  may  also  be  useful  as  an  indicator  of,  equally  un¬ 


wanted,  defotmadon  of  die  fiber,  which  degrades  its  long-time 
sircngdi.The  design  of  fibers  with  suitable  tending  sensitivity 
is  not  readily  manageable  widiout  excessive  understanding,  due 
to  a  large  number  of  optical  and  geometrical  variables1.  A  good 
portion  of  knowledge  is  also  requited  to  define  die  limits  of 
allowed  stress  on  fiber.  This  is  based  on  environment- 
dependent  fatigue  of  the  glass  fiter.  and,  in  some  cases,  on  the 
flaw  distribution  along  die  fiber*.  It  is  die  author's  hope,  that 
dus  paper  will  be  a  short  padi  to  a  quantitative  understanding  of 
die  tend  losses  and  die  mechanical  lifetime  of  optical  fibres. 

Bend  losses 

The  total  bend  loss  is  assumed  to  be  composed  by  pure  tend 
loss  and  transition  loss.  Bodi  the  pure  bend  loss  and  die 
transition  loss  increase  when  longer  operating  wavelengths  are 
used.  According  to  die  name,  small  tend  radii  also  imply  large 
losses.  The  pure  bend  loss  is  caused  by  radiation  losses 
along  die  tent  fiter.  The  pure  tend  loss  dcjKnds  negatively  on 
die  core  radius  (and  die  mode  field  diameter),  i.c  smaller  core 
radii  imply  larger  losses.  This  type  of  loss  dominates  a  carefully 
|>cr  formed  wrapping  test  of  optical  fibers. 

Transition  loss  occurs  at  changes  of  the  curvature  uf  die 
fiber.  The  transition  loss  docs  not  lose  its  power  as  rapidly  with 
larger  bend  radii  os  docs  the  pure  bend  loss.  Thus,  it  dominates 
die  bend  losses  m  fibers  widt  varying,  large  bend  radii. 

Contrary  to  die  pure  tend  loss,  the  transi.ion  loss  depends 
positively  on  the  core  radius,  i.c  larger  -.oic  radii  Imply  larger 
transition  losses. 

The  transition  loss  may  be  important  at  short  wavclcngtlis  in 
tests  of  optical  fibers,  where  surface  roughness  plays  an 
important  role,  due  to  die  frequent  occurence  of  changes  of 
curvature.  The  importance  of  transition  loss  caused  by  die  stress 
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inducing  Tiber  bend*  regarded  m  the  following  in  limited, 
however. 

Loss  equations 

Some  useful  expressions  for  estimating  bend  losses  of 
different  origins  in  step-index  fibers  will  be  briefly  reviewed 
below.  The  attenuation  caused  by  pure  bend  toss,  cij,,  in  a 
step-index  Tiber  bent  to  a  comranr  radius  Ro  has  been  shown  to 
equal1 

“b"^cxp('D-Ro)  •••O) 

*\3/2  1  _ 

where  D  -  8-0.996-f-)3  {1/m) 

\  Ac 

(dB-m-Wj 

Vx  x 

The  expressions  for  D  and  Ac  arc  valid  for  1  <  —  <  2. 

The  relative  refractive  index  A  » (nj-niVh^ ,  the  refractive 
indices  in  core  and  cladding  arc  n  j  and  n*.  and  the  vacuum 
wavelength  is  X  (m).  The  radius  of  the  core  and  the  bend  radius 
arc  a  (m]  and  R0  [m).  respectively.  Tlic  core  radius  and  the 
refractive  indices  determine  the  dtcorciical  cut-off  wavelength, 
which  for  the  LPj  j  mode  is  Xc  ■  -yj  nf1^2 

For  randomized  bends  has  also  been  shown,  that  the  pure 
bend  loss  may  be  described  by 

<0h>  (dB/m)  = 

AcVnD([l+— —L  -)exp(-2  -V  P<r>  )  ...(2) 

2-vD<r> 

where  <r> ,  in  (in),  is  the  average  screw  radius  which  depend 
on  available  space  and  compressive  strain  in  the  Tiber. 

Attenuation  caused  by  transition  losses,  at,  only  occurs 
in  splicc-frce  fiber  when  there  arc  changes  of  die  curvature 
along  the  fiber.  Such  changes  occur,  wlicn  cooling  a  coated 
fiber,  due  to  contraction  of  the  coating.  It  also  occurs  at  cooling 
a  slotted  core,  or  a  loose  lube,  surrounding  die  fiber.  The 
contractive  forces  give  the  fiber  roughly  the  shape  of  a  screw. 
The  mean  bend  radius,  <r>,  of  die  screw  is  determined  by  die 
compressive  strain,  E,  along  die  fiber  (E  =  *dl/l,  where  dl  is  the 
lengd:  increment  of  the  fiber  length  1  at  tension),  and  die 
aviifable  space  for  lateral  movements  of  die  fiber.  In  a  loose 
tube-  or  a  slotted  core  cable  the  allowed  space  for  displacement 


of  the  fiber,  is  the  radius,  r*.  of  a  straight  tube  or  slot  with  an 
assumcdly  circular  cross  section. 

For  energetic  reasons,  one  will  find  die  relation  <rs>  * 

<r,>/( 2-C).  The  magnitude  of  the  compressive  strain  C  depends 
on  an  eventual  fiber  excess,  and  the  different  thermal  expansion 
coefficients  in  the  materials  involved,  and  is  easily  calculated  as 
a  function  of  temperature.  Also  necdol  is  an  empirically 
determined  coefficient,  T) ,  which  dc|*cmls  on  dtc  strain 
confinement  on  the  fiber.  For  a  nylon  coated  fiber,  q  ■  1.5,  and 
for  a  fiber  loosely  enclosed  in  a  tube,  q  » 1.0.  From  this,  the 
transition  loss  can  Ik  described  by3 

<«(>  ■  V  l'lB/.n)  ...(3) 

(<rt>) 

where  w0  »s  the  rtxxk  field  radius  (or  M*poi  size*), 

w0  -  a-[0.65+0.434-(^)3/J+0.01496(^)ft).  and  k0  »  ^ . 

A  rw  rk 

The  mode  field  radius  w^  die  slot  radius  r,,  and  die  wavelength 
X  arc  all  in  (m). 

To  estimate  the  thermally  induced  total  bend  losses  of  a 
fiber  in  a  cable  (or  just  a  coated  fiber)  the  pure  bend  loss  and  die 
transition  loss  according  to  die  equations  (2)  ami  (3)  are  added: 
<alol>  ■  <at>  +  <at>  ■ 

A-Vn5(l+— — =)  cxp(-2  -Vl><r>  ) 

2-V  D-<r> 

W) 

In  the  above  formula,  die  effective  value  of  C  depends  on  cab)'" 
design,  materials  and  temperature. 

Local  bends 

At  an  OTDR  check  of  an  installed  cable,  |x>ims  of  severe 
bending  of  the  fiber  may  be  observed  as  local  attenuation.  When 
a  maximal  risk  for  failure  is  to  be  estimated,  it  is  sufficient  to 
consider  die  attenuation  being  caused  by  pure  bend  loss  only. 
Therefore,  equation  (1)  makes  reasonable  account  for  die 
observable  bend  attenuation.  From  this  equation,  and  die 
observed  attenuation,  the  bend  radius  and  the  corresponding 
failure  risk  can  be  estimated. 

Accidental  bending  to  small  diameters  may  occur  at  strongly 
deformed  parts  of  a  cable,  e.g  at  unexpected  displacements  of 
locky  ground,  in  tight  indoor  installations,  etc.  Since  uends  of 
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this  origin  jitobably  will  be  quiic  sjMrscly  distributed  along  a 
cable,  tltcrc  is  just  a  small  probability  for  them  to  coincide  with 
llte  fragile  parts  of  die  fiber,  which  have  survived  die  screen 
test.  Thus,  litis  hazard  is  different  from  die  i! treat  of  permanent, 
long-distance  stresses  dial  may  be  built-in  during  installation. 


Using  a  fiber  with  optima]  strcngdi  ami  bending  sensitivity, 
it  sliould  be  possible  to  localize  die  deformed  part  of  die  cable 
by  OTDR,  and  release  die  strain  before  any  fracture  occurs.  In 
dtis  way  the  expenses  for  repair  can  be  saved. 

Fiber  strain  in  bends 

Some  simple  geometry  sltows  dial  die  maxima!  tensile  strain 
C  in  an  optical  fiber  widt  die  diameter^  ofdic  glass  and 
stress-free  wra^icd  on  a  cylinder  widt  a  diameter  2-R  equals 


C«ln(' 


l-ty(2-R) 


•) 


Assuming  dtai(J>t/(2R) «  1,  a  Taylor  transformation  simplifies 
die  expression  E  «  <J>,/(2-R).  Wlicn  die  bend  diameter  is  much 
larger  dian  die  diameter  of  die  fiber,  one  can  write 


£  «  b  —(5) 

where  <{ib  is  die  bend  diameter  of  die  glass  fiber.  For  a  coated 
fiber,  die  value  of  is  slightly  larger  than  the  diameter  2-R  of 
die  cylinder  on  which  die  fiber  is  wrapped. 


Applying  equation  (S),  using  die  dimensions  of  a  singcl- 
modc  fiber,  (Jig  =  125  pm,  and  a  wrapping  diameter,  =  20 
mm.  yields  a  maximal  strain  equal  to  £  =  0.0062,  i.c  0.62%. 
For  an  assumcdly  bend-sensitive  fiber,  a  singcl  turn  of  this 
diameter  may  imply  an  attenuation  of  0.1  dB,  which  is  near  die 
limit  of  what  can  be  detected  by  usual  OTDR  instruments.  If 
one  compare  die  strain  in  this  fiber  bend  widt  die  strain  applied 
in  ordinary  screen  tests,  about  0.7%,  a  conclusion  will  be  dial 
to-' '' !  a  hardly-dctcctable  bend  implies  an  obvious  risk 
acturc,  at  first  sight. 

Lifetime  estimation 

There  arc  two  ways  to  estimate  die  lifetime  of  stressed 
optical  fiber,  which  are  described  in  Swedish  Telecom 
Documents  no  1521-A103  and  1521-A104*-5.  In  short,  one  of 
the  methods  is  based  on  the  failure  frequency  stadstics  at  fiber 
drawing,  which  can  be  related  to  the  expected  failure  frequency 


at  long-rime  static  load  of  die  fiber.  Tlic  odicr  method  is  based 
on  complete  knowledge  of  die  fatigue  parameters,  which 
enables  the  estimation  of  an  absolute  minimum  risk  for  failure. 

In  this  paper,  lire  lifetime  will  be  estimated  using  die  latter, 
ineiutrengdt  teelutiquc/lhc  instrumental  requirements  arc 
described  in  die  liiicraturc2.Tliis  technique  is  used  when  no 
risk  for  failure  is  allowed,  irrespective  of  the  length  of  fiber. 
For  dtis  purpose,  die  most  relevant  part  of  the  document  1521- 
AHM  is  recaptured  below. 


2  INERT  STRENGTH  TECHNIQUE 

In  ease  of  expecting  a  failure-free  operation  at  static  (constant) 
load  one  is  able  to  show  dial,  provided  die  B-parameter  is 
known,  the  minimum  lifetime  tjnjn  for  an  unlimited  lengdi  of 
fibre  is  given  by  die  equation 


where  <Jj  is  die  static  stress,  CTp  is  die  proof-  or  screen  stress,  n 
is  die  stress  corrosion  susceptibility  parameter  (or  stress 
corrosion  factor)  and  B  is  die  inert  strcngdi  factor.  Hie  proof 
stress  is  related  to  die  proof  strain  Ep  by  Young's  modulus  E  for 
die  glass  due  to  die  expression  CTp  =  E-Ep .  The  inert  strcngdi 
factor  B  and  the  stress  corrosion  factor  n  arc  evaluated  from  a 
plot  of  the  logaridim  of  die  median  strcngdi  a  of  die  fibres 
versus  the  logaridim  of  die  stress  rate  da/di  at  a  series  of  tensile 
tests  of  die  fibers. 


According  to  die  formula  in  die  testing  instructions  above,  die 
minimal  limc-to-fraciurc  tm;n  at  a  stadc  stress  CTS  on  a  fiber  widt 

a  minimum  initial  strcngdi  Cfp  can  be  calculated  when  die  fatigue 
parameters  B  and  n  arc  known.  By  dividing  die  stresses  (Ts  och 
<J  with  the  Young's  modulus  E  die  stress  can  be  substituted  by 

r 

strain,  i.c  E$  och  £p.  Tims,  the  formula  will  be  written 


’min 


B_ 

E2 


...(6) 


The  well-known  equation  for  fiber  fatigue  at  tensile  test; 
n  n+1 


a  n"^  =  a, 


n-2  _ _ 

1  ’  B-(n+l)dCT/dt 


...(7) 


can  be  used  to  evaluate  the  fatigue  parameters  B  and  n  from  a 
series  of  tensile  tests  at  constant  stress  rate,  dCJ/dt.  This  is  done 
by  fitting  to  the  measured  average  tensile  strength  the  theoretical 
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strength,  CT,  over  a  wide  range  including  very  high  values  on  die 
stress  rate.  The  Initial,  inert,  strength  C|  will  be  degraded  by  the 
currently  applied  stress.  The  slower  die  tensile  speed,  die  worse 
will  be  the  degradation  of  the  strength  because  more  time  is 
available  for  crack  propagation2. 

Some  examples  of  fitting  die  equation  (7)  to  the  tensile 
strength  data  on  optical  fibers  are  shown  in  die  figure  below; 


LOG(STRESS  RATE,  GPa Is) 

Figure  1.  Strength  of  singcl-mode fibers  from  different 
vendors.  Measured  values  f symbols)  and  theoretical  curves. 

ThVi  fibers  tested  due  to  Figure  1  are  ell  silica-based  single-mode 
fibers,  but  having  different  coan'ngs.  Parameters  corresponding 
to  die  curves  in  Figure  1  arc  shown  in  Table  1  below; 


Fiber 

CTI 

GPa 

B 

(GPa)2-s 

n 

A 

7.0 

0.040 

20.5 

B 

6.6 

0.0115 

24.9 

C 

6.7 

0.050 

18.0 

D 

6.62 

0.185 

11.35 

23°C,  55%RI1,  500  mm  fully  loaded  length 


Table  1.  Fatigue  parameters  for  single-mode  silica  fibers. 

The  temperature  and  humidity  at  condidoning  and  testing  were 
23  °C  and  50%  RH.  For  each  vendor's  fiber,  A  to  D,  a  scries  of 
tensile  tests  were  made  on  30  samples  at  each  tensile  speed.  Tie 
calculation  of  (Jj  and  B  was  based  on  the  measured  median 


fracture  stresses  and  equation  (7),  assuming  dial  E»  70  GPa. 

Obviously,  die  coating  properties  influence  die  strengdt  of 
the  glass,  so  wlicn  making  a  lifetime  estimation  on  a  certain 
fiber,  one  should  not  rely  upon  fatigue  jxojicrties  of  different 
optical  fibers. 

Limited  length 

Because  of  die  limited  length  involved  in  die  local  bcrnls,  die 
risk  for  stress-induced  fatigue  and  fracture  should  be  based  on 
die  average  strengdt  of  sliort  lcngdis  of  fiber,  rather  dian  die 
screening  strengdi.  Normally,  all  fibers  have  a  substantial 
strength  as  measured  on  shori-lctigdt  samples  (see Table  1). 
They  also  have  a  narrow  strengdi  distribution.  For  die  high* 
strengdt  mode  typical  for  500  mm  samples,  die  wcibull  modulus 
is  often  better  dian  SO  (corresponding  to  S0%  chance  dial  die 
strengdt  of  art  arbitrary  sample  is  within  ±2%  from  die  cxjieetcd 
mean  value).  Tie  small  number  of  bends  along  a  cable  line,  and 
die  extension  of  each  bend,  a  few  centimeters  in  a  multi-fiber 
cable,  nukes  a  negligible  chance  for  an  abnormally  weak  jttint 
to  coincide  widi  any  of  die  local  bends. 

Owing  to  die  above  arguments,  die  lifetime  of  die  bent  fiber 
can  be.  calculated  from  equation  (6)  if  the  screen  strain  is 
replaced  by  Ep  *  a,/E.  Tic  static  strain,  Et.  induced  by  bending 

is  given  by  equation  (5).  Combining  all  expressions  yields  die 
allowed  bend  diameter,  <J»b,  for  die  exacted  lifetime,  tMp.  of 
die  bend, 


E2  -,1/n 


-(8) 


Inserting  die  values  for  a  typical  fiber,  C  in  Table  1,  yields  an 
allowed  minimum  bend  diameter  of  6.1  nun,  for  an  expected 
lifetime  of  40  years.  For  the  fibers  A  to  D  die  corresponding 
values  are  given  in  Table  2. 


A  B  C  D 
4.91  mm  4.28  mm  6.10  nun  13.6  mm 

23°C,  55%RH,  *  limited  number  of  bendi 


Table  2  Minimum  bend  diameter  at  40  years  failure-free  service 

A  priori,  the  bending  sensitivity  of  the  fiber  should  be  such, 
that  one  turn,  or  a  part  hereof,  witf-  minimum  bend  diameter 
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above,  should  respond  with  an  attenuation  dial  is  |»«iblc  to 
detect  with  an  OTDR  instrument.  A  larger  taxiing  sensitivity 
than  this,  simplifies  the  use  of  an  OTDR  for  bend  localization. 

In  fact,  commercial  single-mode  fibers  usually  are  quite  bend 
sensitive,  their  values  of  detectable  bend  diameter  at  1550  nm 
wavelength  may  range  front  25  mm  to  60  mm. 

Of  course,  the  detectable  bend  radius  of  a  certain  fiber  can 
be  readily  measured,  but  adjusting  the  sensitivity  of  die  fiber  Is 
not  an  easy  matter.  The  refractive  index  of  the  core  and  the 
cladding,  and  the  core  radius  are  probably  die  most  suitable 
parameters  for  adjustments,  but  die  rcfrxtive  index  profile  is 
also  important.  For  step-index  single-mode  fibers  the  tequircd 
values  on  core  radius  and  refactive  index  arc  available  dtrough 
equation  (1).  Designing  a  more  bend-sensitive  fiber  by 
decreasing  the  core  radius  may  partly  compensate  die  increase 
of  the  total  loss  by  reducing  die  transition  sensitivity  due  to 
equation  (4). 

Improvements 

The  process  of  fiber  drawing  offers  few  possibilities  to 
further  improve  die  maximal  strcngdi  of  silica  based  optical 
fibers,  since  an  improvement  of  the  long-lcngdi  fiber  strength 
by  a  sntitaniially  increased  screen  strain  also  degrades  die 
maximal  strength  (of  short-lcngdt  fibers).  Tlic  fatigue  properties 
may  still  be  improved  by  elaborate  coatings,  but  have  to 
compete  with  requirements  on  e.g  strippability  for  easy  splicing 
of  dtc  fibers.  More  sensitive  OTDR  instruments  may  be 
expected  :n  a  future,  but  probably  die  presently  available 
instruments  will  be  sufficient  for  detecting  bends. 

As  the  OTDR-dctcctablc  bend  diameter  for  many  available 
fibers  substantially  exceeds  die  minimum  allowed  bend  diameter 
for  40  years  failure-free  operation,  there  is  still  room  for 
reducing  die  bend  loss  sensitivity,  widiout  affecting  die  lifetime 
of  optical  fiber. 

Conclusion 

For  fibers  widt  good  fatigue  properties,  die  critical  diameter 
for  excessive  fadgue  in  fiber  bends  is  so  small,  that  probably  it 
will  "never"  appear  in  a  carefully  installed  armoured  or  duct 
cable.  However,  the  topic  is  still  interesting  for  special  cables, 
installations  and  low-grade  fiber  where  die  fiber's  deformation 
is  extreme  or  its  fatigue  properties  for  various  reasons  cannot 
meet  usual  requirements.  The  superior  means  to  avoid  future 
problems  with  fiber  bends  are  a  suitable  design  of  the  fiber,  in 


order  to  aelueve  an  o|x!mal  bending  sensitivity,  and  a  cable 
design  which  can  resist  local  deformation  widwut  straining  the 
fibers. 
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